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Summary
This thesis investigates a technique o f  transferring thin layers o f  GaAs onto other 
substrates, called the ion-cut (or smart-cut) process. The process, and the progress that 
had already been made to optimise and understand it is described in detail in the first 
chapter, and the project aims are presented in the context o f  these developments. The 
following chapter describes the experimental setups used in this work, with the main 
techniques involving ion beam analysis, x ray diffraction and Nomarksi, atomic force and 
electron microscopy. The development o f  a new method for controlling the flux and 
temperature o f  implantation is described in this thesis, and is now available to other users 
o f  the Ion Beam Centre at the University o f  Surrey. A new method for interpreting the 
channelling RBS (Rutherford Backscattering Spectrometry) spectra in blistered samples 
has been developed, and is described in chapter 4.
The results presented in this thesis show that the ion-cut process is dependent on the flux 
o f  ion implantation, and demonstrate that this can be explained in terms o f  the relative 
concentration o f  damage introduced by the ion implantation process. In addition, the role 
o f  implant temperature on the process has also been investigated in detail for the first 
time. Finally, the suitability o f  implanting helium or neon under different conditions 
instead o f  hydrogen has been investigated and it is shown that while helium is more 
effective than hydrogen (around half the dose is required for helium implantation 
compared with hydrogen), neon is not a suitable alternative.
Such an investigation is essential for optimisation o f  this process, which has eclectic 
applications including the fabrication o f  lasers, solar cells and the integration o f  GaAs and 
silicon materials on a single chip.
Key words: Smart-cut Ion-cut, Blistering, Exfoliation, Ion Beam Analysis, RBS, Implant, 
Semiconductor
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Chapter 1
1 Introduction and Literature Review
1.1 Introduction
The heterogeneous integration o f  III-V semiconductors with dissimilar substrates is 
desirable for a multitude o f  applications, including the fabrication o f  lasers, solar cells and 
the monolithic integration o f  optical and electronic devices [1]. Manufacturing such 
combinations o f  materials still remains a tremendous challenge, particularly where the 
materials to be integrated have different lattice constants. Epitaxial growth o f  lattice- 
mismatched materials can result in a high density o f  threading dislocations [2], which 
inhibits the performance o f  any devices fabricated on such a material. In recent years, 
several methods o f  layer transfer have emerged in an attempt to solve this problem. 
Three o f  the leading methodologies, ion-cut, laser lift-off and bond and etch back, involve 
wafer bonding and thinning o f  a donor wafer. These processes facilitate the integration o f  
lattice-mismatched materials, whilst avoiding the threading dislocations associated with 
epitaxy.
1.1.1 Smart-cut
One o f  the most promising approaches to layer transfer involves hydrogen-induced layer 
splitting. This revolutionary technique appears in the literature under a host o f  names 
such as “ smart cut” , “ ion-cut” , “deli-cut” , “ layer splitting”  and “ layer exfoliation” . The 
first layer transfer method to use hydrogen ion implantation was patented under the trade 
name o f  “ smart-cut”  by M. Bruel in 1995 [3] and is carried out as follows:
Hydrogen ions are implanted at an arbitrary energy to a fluence o f  around 5xl016 H+ cm'2 
into a donor wafer, as illustrated in Figure-1-1. The donor wafer is bonded to a handle 
wafer via a wafer bonding process: the surfaces o f  the wafers undergo a standard RCA 
clean [4], followed by chemical treatments to make them hydrophilic. When they are
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contacted at room temperature, van der Waals forces between the molecules at the surface 
o f  the wafers hold them together. For a detailed discussion o f  wafer bonding, the reader 
is referred to the literature [5]. The wafer pair is then annealed at a temperature which 
depends on the initial implantation conditions. On annealing, so-called “platelet defects” 
in the implanted area coalesce to form hydrogen-filled microcavities. These 
microcavities grow preferentially in [100] and [111] planes and evolve into microcracks
[6]. The propagation o f  these cracks causes the donor wafer to delaminate around the 
projected range o f  the ions, resulting in a thin layer o f  the donor wafer transferred onto 
the handle wafer. The structure is then annealed at a high temperature to strengthen the 
bonds. A  soft polishing step is required to smooth the surface o f  the as-split wafer. After 
splitting, the remaining part o f  the donor wafer can be reused for subsequent layer 
transfers.
Figure-1-1: Schematic of the smart-cut process
The smart cut method is currently used in industry for the manufacture o f  silicon on 
insulator wafers. However, its potential applications are rather more eclectic. The 
process has been demonstrated successfully for a variety o f  materials -  for example Si
[7], SiC, Ge [8], GaAs [9] and GaSb [10]. hi fact, the smart-cut process can be applied to 
almost any materials combination, provided two criteria are satisfied. The first condition 
is that it must be possible to delaminate the donor wafer using hydrogen implantation and 
annealing. Such materials exhibit blistering when implanted and annealed without 
bonding to another substrate [11]. The second condition is that wafer bonding can
11
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successfully be applied to the two wafers. While wafer bonding technology has been 
developed for a wide range o f  materials combinations, its extension to new materials is 
not without technological challenge [12]. Unbonded areas between the wafers result in 
untransferred areas by smart-cut, and therefore the versatility o f  smart-cut relies on 
developments in wafer bonding technology. Fundamentally though, smart-cut opens up 
possibilities for integrating amorphous, polycrystalline and crystalline materials, 
providing the above criteria are satisfied. It provides a potential route to previously 
unachievable materials combinations such as semiconductors on glass, plastic or perhaps 
even paper.
1.1.2 Mechanical ion-cut
One o f  the limitations o f  the smart-cut process is the high process temperature during the 
annealing stage. In order to integrate materials with different thermal expansion 
coefficients, it is desirable to keep the process temperature low to avoid thermal stresses, 
which may ultimately lead to fracture o f  the wafer pair. A  development o f  the smart-cut 
process, termed mechanical ion-cut, is one solution to this problem: hydrogen is 
implanted into a donor wafer, which is then wafer bonded to a handle wafer. A  razor 
blade is inserted into the donor wafer, close to the bond interface, inducing a crack, which 
propagates through the implantation zone, delaminating the donor wafer [13]. A  low 
temperature pre-anneal is usually undertaken prior to splitting to strengthen the bond 
between the wafers, but the splitting itself is initiated at room temperature. From 
hereafter, the term ion-cut is used to refer to the generic process o f  hydrogen-induced 
splitting by either the smart-cut or the mechanical ion cut method.
1.1.3 Bond and etch back
The bond and etch back method o f  fabricating integrated materials involves, as its name 
suggests, bonding o f  the donor wafer to a handle wafer, followed by thinning o f  the back 
surface o f  the donor wafer by chemical-mechanical polishing. Although this process is 
used commercially for the manufacture o f  thick silicon on insulator films, the thickness 
uniformity o f  the transferred films is poor. An epitaxially grown etch-stop layer is
12
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sometimes used to provide more accurate thickness control, but this approach can 
introduce undesirable defects such as dislocations. The process remains rather expensive 
due to the cost o f  grinding away almost a whole wafer [14].
1.1.4 Laser lift off
Demonstrated in 1996 by Kelly [15] and Wong [16] as a method o f  transferring III- 
Nitride films onto other substrates, laser lift o ff involves heteroepitaxial growth o f  a III- 
Nitride film onto a compliant substrate -  for example GaN grown on sapphire. A  pulsed 
excimer laser o f  wavelength 248nm is directed through the sapphire, and is absorbed at 
the heteroepitaxial interface by the III-N. The resultant heating at the interface causes 
local decomposition o f  the III-N into III and N2, melting the group III material and 
prompting a release o f  the GaN layer from the substrate. The GaN layer can be wafer 
bonded to a handle wafer (for example Si), resulting in heterogeneous integration. One 
group reported recently that the resulting damage to the structure is limited to the first 50- 
lOOnm o f  the transferred layer [17]. Whilst the process is cheap, and the locality o f  the 
high temperature negates the problem o f  integrating materials with different thermal 
expansion coefficients, it has not been developed for other III-V semiconductors.
1.1.5 Challenges for the ion-cut processes
At present, only the mechanical and thermal ion cut processes offer a realistic solution for 
the layer transfer o f  III-V materials such as GaAs. It has been shown that these two 
methods rely essentially on the same physical process to split the wafers -  namely 
hydrogen-induced layer exfoliation [18]. The major process step in ion cutting is the 
hydrogen ion implantation, which can be costly and time consuming. Therefore it is 
important to develop the process so that the implantation time is as low as possible. This 
could be achieved either by reducing the implanted fluence, or by increasing the flux o f  
hydrogen ion implantation.
A  further challenge for ion-cut is to improve the thickness uniformity o f  the as-split layer. 
The as-split surface roughness is an important consideration as it affects the thickness
13
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uniformity o f  the transferred layer, which in turn affects the operation o f  devices 
fabricated in the structure.
1.1.6 Summary
The leading methods for fabrication o f  heterogeneous structures have been described 
briefly and the challenges for ion-cut have been highlighted -  namely to lower the 
implantation time and to improve the thickness uniformity. Optimisation o f  the process 
will follow from an understanding o f  the physical mechanisms behind the process itself. 
A  great deal o f  research has been carried out since the invention o f  smart-cut in 1995 into 
the mechanisms behind the process. The following section is a review o f  the progress 
that has been made since Bruel split the first wafer.
1.2 Literature Review
It has been known for a long time that hydrogen implantation can lead to blistering and 
exfoliation o f  a semiconductor surface [19]. Depending on the implantation conditions, 
the blisters are formed either during implantation or after subsequent annealing. 
Transmission electron microscopy (TEM) analysis has shown that the implanted 
hydrogen agglomerates into planar defects called platelets [20]. As the material is 
annealed, the platelet defects grow and evolve into hydrogen-filled microcavities. 
Eventually, the pressure in the microcavities becomes sufficient to cause permanent 
deformation o f  the material, and blisters appear on the surface. In 1995, Michael Bruel 
showed that i f  a material is implanted with hydrogen, bonded to another substrate and 
annealed, the microcavities coalesce to form microcracks, which propagate through the 
material and eventually lead to delamination o f  the wafer, around the projected range o f  
the ions [21]. This new layer transfer technique, termed “ smart cut” , was developed by 
Bruel and his colleagues at LETI (Laboratoire d’Electronique de Technologie de 
P Information, France) for the manufacture o f  silicon on insulator wafers and was shown 
to be transferable to a host o f  other materials -  including GaAs [22] and SiC [23]. 
Bruel’ s work has since given impetus to a number o f  projects devoted to the optimisation 
o f  the process and to explore the physical mechanisms behind it.
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Studies undertaken into the mechanisms behind the ion-cut process fall broadly into three 
categories -  investigations centred around observations o f  hydrogen platelet defects, 
experiments concerning the kinetics o f  splitting and blistering and investigations into the 
location o f  the ion-cut. Research has also been dedicated to the optimisation o f  the ion- 
cut process and this has yielded information about the process itself. The following 
section is a review o f  this work.
1.2.1 Platelet defects
It is widely accepted that the presence o f  hydrogen platelet defects is necessary for 
blistering or splitting to occur. Therefore the formation, structure and evolution o f  these 
defects are key to understanding the mechanisms behind the ion-cut process. Since the 
large majority o f  the research has involved the study o f  platelet defects in silicon, this will 
be discussed and followed by a summary o f  the observations that have been reported on 
platelets in GaAs.
1.2.1.1 Platelets in silicon
The presence o f  platelets was first reported by N.M. Johnson et al [20] who noticed planar 
defects during TEM analysis o f  silicon that had been hydrogenated by a remote plasma 
system. The defects were oriented mainly in {111} planes, with a minority o f  defects in 
the {100} planes. The platelets formed at hydrogenation temperatures above 250°C and 
grew rapidly at higher temperatures. Raman spectroscopy indicated that the appearance 
o f  platelets correlates well with the presence o f  Si-H bonds. Due to the method o f  
hydrogen insertion (i.e. by a remote plasma), it was concluded that the formation o f  
platelets was unrelated to radiation damage.
Studies o f  hydrogen-implanted samples, however, have yielded different results to 
diffusion experiments. The difference is thought to be due to the higher amount o f  
radiation damage in hydrogen-implanted samples. In 1997, Weldon et al performed a 
detailed study into the evolution o f  platelet defects in hydrogen-implanted silicon upon 
annealing, using a number o f  experimental techniques [24]. TEM analysis o f  samples
15
Chapter 1. Introduction and Literature Review
o
that had been annealed at 475 C showed cracks in {100} planes, connected by a smaller 
number o f  platelets in {111} planes, in contrast to the majority o f  {111} planes reported 
by Johnson et al [20].
There is no complete theory o f  the structure o f  (111) platelets in Si. The majority o f  
researchers agree that the fonnation o f  (111) platelets is um-elated to radiation damage. 
Some theorists believe that these platelets arise from or are arrays o f  H2* defects 
(consisting o f  one hydrogen atom incorporated into a bond-centred site and one at a 
tetrahedral interstitial location as shown in Figure 1-2) [25],[26]. Weldon et al reported 
that the signal from infrared spectroscopy assigned to the H2* defect attenuates 
completely upon annealing, drawing doubt upon the theory that the platelets are simply 
arrays o f  H2* complexes [24]. However, it is possible that platelets arise from evolution 
o f  the H2* defect into some other complex. In fact, Raman scattering experiments 
undertaken Larov et al [27] support the theory that platelets evolve from arrays o f  H2* 
defects.
Figure 1-2: The H2* defect
There are two contesting theories concerning the fonnation o f  (100) platelets in Si. The 
first is the theory by Weldon et al [24], derived from infrared spectroscopy experiments, 
that the platelets arise from vacancy-type defects. However, Hoechbauer et al [28] 
proposed that the platelets are formed by the incorporation o f  hydrogen at a bond-centred 
site. It was argued that implantation damage causes strain in a direction normal to the 
silicon surface. This pre-straining o f  the lattice reduces the barrier to placing hydrogen 
between neighbouring Si-Si atoms, whose bonds lie in a <111> direction. The presence 
o f  hydrogen in a bond centred site weakens the bonding between neighbouring silicon 
atoms, thereby resulting in the formation o f  platelets in the (100) plane. In the tail region
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o f  the implant, where the damage and therefore strain on the lattice is lower, a majority o f  
(111) defects were observed, consistent with the findings o f  Johnson et al that (111) 
platelets are unrelated to radiation damage. Although Hoechbauer’s theory explains the 
highly directional nature o f  the (100) platelets and the deficiency o f  (100) platelets in 
samples in plasma diffused samples, it does not explain the experimental observations o f  
Weldon et al that the signal assigned to vacancy defects becomes more intense as platelets 
are formed.
The evolution o f  platelets in Si has been studied by TEM analysis by Grisolia et al. [29]. 
The mean diameter o f  the defects and their number density after various annealing times 
was recorded, and it was shown that the platelets grow in size and reduce in number 
density on annealing -  i.e. by Ostwald ripening. TEM observations o f  strain contrast by 
the same group [30] showed that the platelets are highly pressurised, with pressures 
reaching around 10 GPa at room temperature.
1.2.1.2 Platelet defects in GaAs
While there is no complete theory regarding hydrogen platelets in silicon, considerably 
fewer reports have been published on the formation, stincture and evolution o f  hydrogen 
platelets in GaAs. However, hydrogen implantation is often involved in the fabrication o f  
optoelectronic devices, diodes and semiconductor lasers, and therefore a number o f  
studies concerning hydrogen in GaAs have been undertaken [31]-[36].
The nature o f  the hydrogen profile in GaAs is dependent upon parameters such as the 
implanted fluence, temperature, energy and the subsequent annealing conditions. Wilson 
et al [32] showed by secondary ion mass spectrometry (SIMS) that the implant 
temperature has a significant effect on the hydrogen profile. His results for 300keV H+ 
ions implanted to 5xl015cm‘2 are shown in Figure 1-3 below. It is clear that the profile 
broadens as the implant temperature is raised.
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Figure 1-3: Hydrogen profiles by Wilson et al
On annealing, SIMS investigations o f  room temperature implanted samples showed that 
the hydrogen profile starts to broaden at around 200 C as the hydrogen diffuses towards 
the surface and the bulk substrate [31]. However, Raisenen et al [32] showed by nuclear 
reaction analysis (NRA) that at higher fluences (1017 H/cm'2), the hydrogen profile does 
not broaden on annealing. This was attributed to the presence o f  hydrogen-filled voids, 
which trap the hydrogen and prevent it from migrating.
The first report o f  hydrogen platelets in GaAs in the literature was given by Neethling et 
al [33]. The experimental observations have since been revised and are as follows: {111} 
hydrogen platelets were observed by TEM analysis o f  samples that had been implanted to 
fluences greater than 5xl016cm'2 and annealed at temperatures between 180°C and 230°C 
[34]. Similar results were found for GaAs samples that were plasma-hydrogenated. It was 
speculated that the platelets are agglomerates o f  vacancies, filled with H2.
Similar results have been reported for samples that have been implanted at elevated 
temperatures. Schober and Fredrich reported that GaAs samples with hydrogen 
implanted to a fluence o f  1018 H/cm'2 at 600 C contained (111) hydrogen platelets [35], It 
was speculated that the platelets could be hydrogen-filled vacancy loops.
18
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Implanted surface
F ig u r e  1-4: T E M  m ic r o g r a p h  o f  m ic r o c r a c k s  in  h y d ro g e n -im p la n te d  G a A s
Figure 1-4 is a TEM micrograph produced by Radu et al, which clearly shows 
microcracks oriented in (100) and (111) planes o f  hydrogen-implanted GaAs [36]. The 
implantations were performed at room temperature, but it was suspected that the samples 
suffered a considerable amount o f  beam heating. Radu’ s results suggested that as for 
silicon wafers, the microcracks are the precursors for splitting. This assertion is 
supported by observations by Jalaguier et al, who published similar TEM pictures o f  
GaAs before splitting [22]. Radu suggested that splitting in GaAs is a consequence o f  the 
coalescence o f  (100) and (111) platelets to form a zigzag path. The relative abundance o f  
(111) defects dictates whether blistering or exfoliation will take place in hydrogen- 
implanted materials. If few (111) defects are present, (100) platelets will coalesce to form 
microcracks parallel to the surface, resulting in exfoliation o f  the surface. If a higher 
concentration o f  (111) defects are present, (100) platelets and (111) platelets will coalesce 
to form a zigzag path and therefore deformation o f  the surface (i.e. blistering) is more 
likely to occur. Radu also argued that the abundance o f  (111) defects determines the 
surface roughness o f  the as-split layer -  the more (111) defects present, the rougher the 
as-split layer.
1.2.2 Blistering and splitting kinetics
An investigation o f  surface blistering was undertaken by Bruel and coworkers, shortly 
after the invention o f  the smart-cut process [37]. It was reported that blistering o f  a 
material could be achieved in two ways: either by high fluence implantation (1017 H+cm'2
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or more) or by lower fluence implantation and subsequent annealing. It was reported that 
for silicon, the implanted fluence must be above 3.5x1016H+cm'2 for blistering to occur, 
even after annealing. Bruel and coworkers noted that upon annealing the size o f  the 
blisters and the extent to which they cover the surface is asymptotic with time. A 
“neutralised” zone was present around each blister, where it would appeal* surface 
blistering was prevented. It was concluded that the gas pressure in this area was 
insufficient to allow blistering to occur.
Tong et al suggested that platelet defects grow in a closed form up to a critical size, at 
which point the internal pressure is high enough to overcome the surface energy 
associated with Van der Waals forces that hold the platelets together and blisters are 
formed on the surface o f  the material [38], Therefore the platelets must reach a critical 
size, dependent on factors such as their internal pressure, before popping up as surface 
blisters. Results o f  atomic force microscopy investigations by the same authors suggested 
that on annealing, blisters suddenly “pop up”  on the surface o f  a sample, and can be seen 
immediately by optical microscopy. Therefore it is possible to find the activation energy 
for blistering in a material by measuring the characteristic time for the onset o f  blistering 
at different temperatures. In fact, it is widely accepted that splitting and blistering are 
thermally activated processes [23],[41],[42]. In Si, Ge and SiC samples, the activation 
energies were determined to be the same for blistering and splitting, although it took 10 
times longer to split samples than to blister them [39]. This indicated that the 
mechanisms behind blistering and splitting are the same, and therefore an improved 
understanding o f  the splitting phenomenon could be achieved from studies o f  blistering 
kinetics. This approach has subsequently been adopted by a number o f  authors in order to 
understand the splitting process[40], [41], [42].
Activation energies have been measured for the onset o f  blistering and splitting, amount 
o f  exfoliation, blister size and blister coverage for a number o f  materials, but it is still 
unclear what these activation energies actually represent. The leading theories suggest 
that processes such as hydrogen diffusion, breaking o f  host lattice bonds, or the release o f  
bound hydrogen could be responsible for the measured activation energies [43], [8], [40].
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1.2.2.1 Blistering kinetics in GaAs
In order to achieve the wafer bonding step in the ion-cut process, the as-implanted surface 
must be smooth. Therefore it is necessary to engineer the implantation conditions such 
that the as implanted surface is unblistered and blisters are formed only after subsequent 
annealing. Jalaguier et ai [22] found that for GaAs crystals implanted to a fluence o f  0.5- 
lx l0 17H+cm"2 blisters were formed after annealing at 400-700°C. The minimum anneal 
temperature required for blistering was found to correlate with the implanted H fluence, 
with lower anneal temperatures required for blistering at high fluence. The implant 
temperature was not reported in this publication.
Tong et al [44] reported that the implantation temperature for each material must fall 
within a specific window for surface blistering to be possible. Although no explanation 
o f  the experimental method was given, the temperature windows for GaAs were reported 
to be between 160-250°C. This observation was explained in terms o f  the relative 
mobility o f  H and H2. It was argued that as the implant temperature is increased, the 
implant damage diminishes due to a dynamic annealing effect. If the implant temperature 
is too low, the damage is too great for hydrogen to move and agglomerate into platelets. 
However, i f  the implant temperature is too high, molecular hydrogen is mobile in the 
lattice and therefore cannot be trapped inside the platelets. Therefore the implant 
temperature must lie within a specific window for platelet formation and therefore 
blistering to occur.
However, Rutherford Backscattering Spectrometry (RBS) measurements by Gawlick et al 
showed that the lattice disorder in the samples actually grows as the implant temperature 
is increased, in contrast to Tong’s claim that the lattice damage decreases with increasing 
implant temperature [45], The increase in damage was attributed to the fonnation o f  H- 
defect complexes, which causes Ga or As atoms to be displaced.
The same investigators studied the effect o f  different implant temperatures on blister 
formation. It was found that for a particular implantation temperature, blisters would 
appear on the surface o f  the as implanted sample following implantation at or above a
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critical fluence. No blistering was observed for implant temperatures below 120°C. The 
critical fluence for blister formation was found to decrease with increasing implant 
temperature.
1.2.3 The location of the ion-cut
Simulations o f  the damage profiles resulting from hydrogen ion implantation in 
semiconductors predict that the hydrogen resides at a slightly deeper location in the lattice 
than the damage it produces [46]. The hydrogen and damage profiles in hydrogen- 
implanted silicon have been measured by a number o f  authors, using a number o f  
different techniques. Some argue that the profiles agree with the results o f  the 
simulations [47],[48] that the hydrogen implant lies slightly deeper than its damage. In 
contrast, a number o f  authors [49],[50],[38] have concluded that the hydrogen and 
damage peaks are coincident and that on implantation, the hydrogen diffuses until it is 
trapped at its own damage.
A  series o f  detailed investigations into the location o f  the ion-cut have recently been 
carried out by Hoechbauer et al [47],[51],[52],[53]. Hydrogen profiling by elastic recoil 
detection (ERD) and damage profiling by RBS led the author to the conclusion that the 
damage resides at a shallower location than the hydrogen implant. On annealing it was 
found that the hydrogen and damage profiles did not move significantly, suggesting that 
hydrogen is trapped in the silicon lattice on implantation and that only short-range 
rearrangement o f  the hydrogen is possible on annealing.
For low fluence hydrogen implants it was found that the ion-cut location correlates well 
with the peak o f  the damage distribution, as shown in Figure 1-5 [[52], The location o f  
the ion cut was measured using scanning electron microscopy (SEM) and RBS 
channelling. The depth distribution o f  platelets was measured by TEM and it was shown 
that the platelet and damage distributions are coincident.
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Figure 1-5: The relative locations of the damage, hydrogen and ion-cut in silicon, 
determined by Hoechbauer et al. (i) and (ii) indicate the location of the ion-cut, measured by 
SEM and RBS channelling respectively, before (solid lines) and after annealing at 200°C
(dashed lines).
1.2.4 Optimisation of the ion-cut
The most significant efforts to optimise the ion-cut process have been to split thinner 
layers, to lower the fluence, and to lower the temperature necessary for 
splitting/blistering. As devices become smaller, thinner layers are required and therefore 
the ion-cut process must be compatible with thin layer transfer. Low splitting 
temperatures are desirable where materials with different thermal expansion coefficients 
are to be integrated — the bond between the materials will fail if  the splitting temperature 
is too high. Lowering the required fluence has obvious advantages in that less implant 
time is required, and therefore the process is cheaper and quicker. The development o f  
techniques to optimise the ion-cut process have also lead to an improved understanding o f  
the process itself.
1.2.4.1 Co-implantation of H and He
The “ co-implantation” o f  hydrogen and helium refers to the process whereby hydrogen 
implantation is directly followed by a helium implant, with the energy o f  the helium ions 
set so that the projected ranges o f  the helium and hydrogen are coincident. Argwal et al
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showed that the co-implantation o f  hydrogen and helium into silicon leads to a significant 
reduction in the total fluence necessary for splitting -  a fluence o f  three times less is 
required when hydrogen and helium are coimplanted [54]. The total fluence required for 
splitting varies according to the relative amount o f  hydrogen and helium ions used for the 
implantation. The optimum conditions were found for a H:He ratio o f  2:3. These 
observations were explained by the chemical effects o f  hydrogen in silicon. Hydrogen 
has a tendency to passivate dangling bonds in silicon and interact chemically with the 
implant damage. Therefore the role o f  the hydrogen implant is to create the hydrogen- 
stabilised platelets that are a prerequisite for splitting. Helium, which does not have the 
same chemical properties as hydrogen in silicon, is free to diffuse into the platelets 
formed by the hydrogen implant, manifesting a high pressure, causing the platelets to 
grow. Therefore platelet fonnation is accelerated for hydrogen and helium co­
implantation and so the required fluence is reduced.
Qian and Tenault adopted the hydrogen and helium co-implantation approach in an 
attempt to improve the efficiency o f  the ion-cut process at transferring thin layers 
(lOOnm) o f  silicon [55]. It becomes more difficult to blister or split layers as the layer 
thickness decreases due to difficulties in implanting ions at correspondingly low energies 
(e.g. 5keV). At low energies the damaged region extends practically to the surface. 
Within this region, hydrogen and/or helium may be mobile, allowing them to escape to 
the surface. Therefore the higher fluences and higher thermal budgets are required to 
initiate blistering. It was found that at 5keV, a threshold fluence o f  5xl016cm"2 H+ and 
>500°C anneal temperature was necessary for blistering, compared to the threshold 
conditions for 80keV ions o f  4x l016cm"2 H+ and 400°C for 5 minutes. The co­
implantation o f  hydrogen and helium increases the degree o f  blistering compared with 
hydrogen only implantation, and therefore it was deemed more suitable for thin layer 
transfer.
The co-implantation o f  H and He has been demonstrated for the layer transfer o f  GaAs. 
Radu et al measured the onset o f  blistering for samples that had been co-implanted with 
hydrogen and helium for different annealing temperatures, and found a corresponding 
activation energy for blistering o f  around 0.8eV [56]. TEM analysis showed that co­
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implantation o f  hydrogen and helium produces a higher concentration o f  (111) defects 
compared to helium only implanted wafers. The as-split surface roughness o f  the former 
wafers was higher, supporting Radu’s theory that the presence o f  (111) platelets increases 
the as split surface roughness.
1.2.4.2 Two-step implantation
Another method to lower the splitting temperature in GaAs materials was developed by 
Gawlick et al [57], who used a two-step implant to successfully lower the splitting 
temperature to 200°C (compared to a splitting temperature o f  400-700°C reported by 
Jalaguier et al [22]). The process involves implantation at elevated temperature (>100°C) 
followed by implantation at lower temperatures (below 100°C). The resulting reduction 
in splitting temperature was explained in the following way: at elevated temperatures, 
hydrogen is more mobile and therefore can form nano-size complexes. The lower 
temperature implant results in a more homogenous distribution o f  hydrogen. On 
annealing the atoms implanted at low temperature become trapped by the complexes 
previously created, allowing blisters to form.
1.2.4.3 Co-implantation of B and H
Another method to lower the blistering temperature was developed for silicon wafers. The 
method was developed by Tong et al [58] and involves the implantation o f  boron 
followed by range-matched hydrogen implantation. A  further decrease in the splitting 
temperature was noticed when co-implanted wafers were pre-annealed at a low 
temperature before bonding. Similarly, it was reported that performing the implants at 
elevated temperatures lowered the splitting temperature. The influence o f  boron on the 
splitting temperature was explained by the chemical effects o f  boron on the silicon- 
hydrogen system: firstly, it was argued that boron acts as a trapping site for hydrogen, 
enhancing the formation o f  platelets; secondly, silicon-hydrogen bonds are weakened by 
the presence o f  boron, and therefore hydrogen is more mobile and free to diffuse into the 
platelets.
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Hoechbauer et al, who investigated the effect o f  radiation damage in hydrogen-implanted 
samples, drew similar conclusions to this [59] [60]. In this report, silicon was implanted 
prior to hydrogen implantation to create damage. These wafers were annealed and 
compared to samples implanted with boron and hydrogen and annealed under the same 
conditions. Blisters had formed on the boron and hydrogen-implanted samples, but not 
on the silicon and hydrogen-implanted samples, suggesting that the effect o f  boron on 
blister formation is unrelated to the radiation damage it produces and therefore must be a 
chemical effect.
1.2.5 Summary
In the eight year's proceeding Michael Bruel’ s discovery, much has been established. It is 
clear that hydrogen implantation can create two types o f  platelet defect -  platelets in 
(100) planes and platelets in (111) planes. Most authors are in agreement that the (111) 
platelets are unrelated to radiation damage. Microcracks are formed by the coalescence 
o f  (100) planes and (111) planes to form a zigzag path, and hence delamination o f  the 
wafer. It is thought that the presence o f  (111) planes increases the zigzag effect and 
therefore increases the surface roughness o f  the as-split wafer.
It has been demonstrated that the ion-cut process and blistering and exfoliation o f  a 
material are driven by the same process, and therefore it is possible to gain an 
understanding o f  the ion-cut process by studying the formation o f  surface blisters in a 
material under different conditions. It has been established that the degree o f  surface 
blistering is affected by the implant temperature, the fluence o f  hydrogen in the sample, 
the presence o f  a co-implant (for example helium or boron) and the thermal history o f  the 
sample.
Although contradictions exist in the literature as to the relative location o f  the hydrogen 
and damage peaks, it has widely been established [51]-[53],[61] that the ion-cut occurs at 
the damage peak and that in general, the implant damage drives platelet formation, and 
therefore splitting in silicon. This has not been investigated for other materials.
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However, because ion-cut is a new research topic, many aspects o f  it are yet to be 
understood. For example, a model o f  platelet fonnation and structure is incomplete, even 
at a fundamental level for III-V materials. The majority o f  research into the ion-cut 
process so far has been for silicon. In silicon, it is unclear whether platelets arise from 
vacancies or by hydrogen insertion into the lattice bonds. Although it is generally agreed 
that the platelets are formed o f  hydrogen-terminated surfaces, their exact structure and 
evolution is unknown.
Much is still not understood about ion-cut in III-V materials, despite the obvious 
application for the heterogeneous integration o f  such materials. In particular, the 
implantation conditions necessary for splitting and blistering in GaAs are unclear and 
there are a number o f  contradictions in the literature as to what these conditions might be 
and why they arise. For example, Jalaguier et al [22] reported that blistering occurred 
after annealing samples at 400-700°C. The implant temperature was not reported in this 
publication but presumably the samples were implanted at room temperature. In contrast, 
Tong et al [44] reported that blistering is only possible inside temperature windows o f  
160-250°C, precluding the possibility o f  blisters in room temperature implanted samples, 
even after subsequent annealing. However, Gawlick et al [57] reported that blisters were 
formed after implantation at 120°C, depending on the implanted fluence. It is possible 
that the difference between these results lie in the method o f  measurement o f  the implant 
temperature -  i.e. whether the sample temperature was measured by thermocouple or 
pyrometer or whether the temperature o f  the sample holder was quoted. However, it is 
also likely that these results can be reconciled by considering the effect o f  the other ion 
beam parameters -  for example the fluence, flux and ion energy.
1.3 Aim of proj ect
Although layer transfer by the ion-cut method has been demonstrated for GaAs, the 
quality o f  the transferred layer was poor and could not be used for industrial purposes 
[22]. For GaAs, the ion-cut process remains un-optimised, and there is no clear 
understanding o f  how it is affected by different experimental conditions -  in particular the
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hydrogen implantation parameters. Optimisation o f  the process will follow from an 
understanding o f  the ion-cut process and how it is affected by the different process 
parameters.
The aim o f  this project is to study ion-cut in GaAs material by studying the formation and 
evolution o f  surface blisters that form after hydrogen implantation and annealing. As 
mentioned earlier, the implantation parameters necessary to produce blisters in GaAs are 
not well known and there are contradictions in the literature as to how they affect the 
blistering process. Therefore investigations will be undertaken into how and why the 
implantation parameters affect blistering in GaAs.
It is still unclear exactly how or why the implant temperature affects the ion-cut process 
in GaAs and there are contradictions in the literature as to the “window” o f  implant 
temperatures under which blistering in GaAs is possible. A  detailed investigation has 
been performed to monitor the effect o f  implant temperature on blistering in GaAs, and 
this will be described in the following chapters.
Low fluxes (for example lpA/cm 2 [18]) have been adopted in much o f  the research into 
the ion-cut process, in order to minimise the effect o f  heating by the hydrogen beam. 
However, implanting at such low fluxes can be time consuming and costly. The effect o f  
flnx on smart cut in GaAs, or indeed any other material has not previously been 
considered in the literature. As reported by Brown et al [62], the effect o f  ion fluence, 
flux (fluence rate) and implant temperature on the damage produced during ion 
implantation are intimately related, and it is well documented that the lattice damage in 
GaAs grows as a function o f  the flux [63],[64],[65],[66]. As explained in section 1.2.1.1, 
(100) platelets are thought to be associated with lattice damage (i.e. either a vacancy or a 
strain field is necessary) and therefore it is probable that platelet formation, and therefore 
the ion-cut process, is a function o f  the flux o f  hydrogen implantation. Therefore the 
effect o f  flux on blistering in GaAs was explored and this will be described in the 
following chapters.
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As explained previously, it has been shown that co-implantation o f  hydrogen and helium 
reduces the total fluence necessary to split Si and GaAs wafers. It has been argued tbat 
implanting at such lower fluences is more economical than implanting the high fluences 
required for hydrogen-only implantation. However, the extra time required to change the 
ion source from hydrogen to helium and to set up the helium beam would negate any time 
and therefore cost gained from implanting at a lower fluence. The implantation o f  helium 
alone into GaAs has been explored in a number o f  publications, and it is well known that 
helium implantation can produce blisters and exfoliated areas [70]. In fact, Radu et al 
[67] demonstrated that GaAs layers can be split by helium implantation alone, and that 
these transferred layers have a lower surface roughness than those produced by co­
implantation o f  hydrogen and helium. Therefore it appears that implanting helium only 
could be a more economical alternative to co-implantation. In order to optimise the 
process, the effect o f  different ion beam parameters, for example fluence, temperature and 
energy were studied in this project. The investigation into the effect o f  energy was also 
significant for exploring the feasibility o f  thin layer transfer by He implantation.
An obvious extension o f  this is to explore the effect o f  implanting other inert gases on 
blistering in GaAs. Neon implantation in silicon has been found to produce bubbles [68], 
and it has recently been suggested that the co-implantation o f  neon and hydrogen can be 
used to improve the thickness uniformity o f  transferred silicon layers [69]. An aim o f this 
project was therefore to explore the feasibility o f  using neon implantation for the layer 
transfer o f  GaAs, and to investigate the effect o f  different ion beam parameters (for 
example fluence and temperature) on neon platelet formation.
The experimental techniques used in this project are described in the following chapter. 
In chapter 3, an initial investigation into hydrogen implantation in GaAs will be 
presented, followed by a presentation o f  the main body o f  the results concerning the effect 
o f  the hydrogen implant parameters on blistering in chapter 4. Chapter 5 is a presentation 
o f  the results on the effect o f  helium and neon implantation in GaAs, and in chapter 6, the 
work is concluded and ideas for future work are discussed.
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Chapter 2
2 Experimental
As discussed in the previous chapter, the ion-cut process has been successfully 
demonstrated in GaAs, but die process remains unoptimised. In order to commercialise 
the layer transfer o f  GaAs by the ion-cut process, a particular goal will be to optimise the 
implantation stage. At a fundamental level, it is still unclear exactly how splitting and 
blistering in GaAs are affected by the different implantation parameters, and this will be 
investigated in this thesis. Accurate control o f  the implantation process is therefore 
central to this project. The following section outlines the fundamentals o f  ion 
implantation and describes the implantation process carried out at the beginning o f  this 
work. This process was later revised and is detailed in chapter 3.
After implantation, samples from each o f  the wafers were annealed, in order to induce 
blistering and exfoliation o f  the surface. The annealing setup used in these experiments is 
described in section 2.2. Characterisation o f  samples from each o f  the wafers before and 
after annealing was achieved using a number o f  analytical techniques: the surface 
topography o f  the samples was explored using Nomarksi optical microscopy, scanning 
electron microscopy (SEM) and atomic force microscopy (AFM); the depth distribution 
o f  the implanted ions was extracted by Elastic Recoil Detection Analysis (ERDA) and 
Secondary Ion Mass Spectrometry (SIMS); and the defect structure o f  the samples was 
investigated using transmission electron microscopy (TEM), X  ray diffraction (XRD) and 
Rutherford backscattering spectroscopy (RBS) in channelling mode. The following 
chapter describes each o f  these techniques.
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2.1 Ion implantation
The ion implantations were carried out using the Danfysik 1090 ion implanter. In this 
setup, outlined in Figure 2-1, ions are extracted from a plasma, mass-analysed, and ions 
o f  the desired atomic species are accelerated to the required energy and implanted into the 
target. The source gas (in this case a H:Ar mix) resides in the arc chamber, and is ionised 
by collisions with electrons emitted from four filaments. The filaments are heated to 
produce thermionic emission o f  electrons, which are accelerated towards the gas in the 
arc chamber via a discharge voltage. A  magnetic field inside the arc chamber steers the 
electrons into a helical path, increasing the path length o f  the electrons through the gas 
and therefore increasing the probability o f  a collision with a gas molecule. The electrons 
collide with the gas molecules, and a plasma o f  positive ions and electrons is formed.
Figure 2-1: The Danfysik Ion Implanter
The positively charged ions are extracted from the arc chamber by electrodes at a 
potential o f  40kV, which imparts 40keV o f  energy to singly charged ions. An analysing 
magnet steers the ions into a circular path, and ions o f  the desired atomic mass are 
selected using an aperture. The ions then enter the acceleration chamber, where they are
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accelerated to the implantation energy (in this case 200keV), and the accelerated beam is 
steered into the appropriate beam line (in this case beam line 2) by the switching magnet, 
thus removing any neutral ions from the beam. The beam is focussed using a series o f  
quadrupole lenses, in which the magnetic field produced increases with increasing 
distance from the ion beam, so that the ions are deviated more the further they are from 
the centre o f  the beam.
Using the switching magnet, the central position o f  the beam is set so that it is just o ff  the 
edge o f  the sample, and the beam is brought back onto the centre o f  the sample using the 
magnetic scanning system. This prevents implantation o f  any neutral particles produced 
during the final stages o f  the implant. Finally, the beam is scanned across the sample 
using magnetic fields, with different vertical and horizontal frequencies. This eliminates 
standing wave foimation, ensuring that there are no gaps in the implant.
2.1.1 Fluence measurement
As discussed in chapter 1, blistering and splitting are sensitive to the ion fluence, and 
therefore in this project accurate fluence measurement is essential. Throughout this work, 
the fluence (q>) was determined from the charge received by four faraday cups positioned 
around the sample, and the beam was stopped when the faraday cups had received the 
appropriate amount o f  charge (C), determined by equation 2-1:
C = (beajb
(2.1)
where e is the charge o f  each ion (1.6xlO'19C), ac is the area o f  the faraday cup, and b is a 
factor that accounts for the fact that the faraday cups were located a few millimetres in 
front o f  the target.
Inside the faraday cups, the beam passes through a defining aperture and is ground to 
earth by a current integrator, thus measuring the charge. As the ion beam hits the faraday 
cup, secondary electrons are generated. If these electrons were able to escape the cup, the
32
Chapter 2. Experimental
received charge would be measured incorrectly, and therefore the fluence measurement 
would be in error. In order to improve the accuracy o f  fluence measurement, a negatively 
biased aperture is placed between the defining aperture and the faraday cup to repel 
electrons and prevent them from escaping.
Also central to accurate fluence measurement is the area over which the beam is scanned. 
In order for the full fluence to be measured, it is necessary to ensure that the entire beam 
is scanned over the faraday cups. If the scan area o f  the beam is too small, a proportion o f  
the charge delivered by the beam would not be detected by the faraday cups, and the 
fluence measurement would be in error.
The variance in the charge recorded by each o f  the four faraday cups during the implant 
gives an indication o f  the fluence uniformity across the wafer. For all the implants in this 
work, this was calculated and is below 5% for each implant.
2.1.2 Temperature measurement
Maintaining a constant implantation temperature is essential, particularly in the light o f  
the contradictions in the literature concerning the implantation temperature windows for 
blistering and splitting. As the ion beam loses energy in the sample, heat is dissipated and 
the sample temperature rises. Higher beam currents (proportional to die number o f  ions 
bombarding the sample each second) result in a higher rate o f  energy dissipation in the 
sample, augmenting this “beam heating”  effect. In order to minimise beam heating, it is 
necessary to use low beam currents.
For the first set o f  implants, the wafers to be implanted were 3”  semi-insulating GaAs. 
The sample holder, (a heater chuck) was designed to accommodate 4”  wafers, and so in 
order to protect the sample holder from ion irradiation, a 4” silicon wafer was placed on 
the sample holder. The GaAs wafer was clipped to the sample holder, on top o f  the 
silicon wafer. Layers o f  elastomer (a material with high thermal conductivity, routinely
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used in ion implantation) were placed between the Si wafer and the heater chuck and 
between the GaAs and the Si. The role o f  the elastomer is to facilitate heat transfer 
between the sample and the heater chuck. A  thermocouple was clipped to the 4”  silicon 
wafer and the chuck temperature was adjusted such that the thermocouple displayed the 
required implant temperature. For the first set o f  experiments, the beam current was 
maintained below 1mA to minimise beam heating effects. This setup was modified in 
later experiments, as detailed in section 3.3.2.
2.1.3 Ion-solid interactions
On reaching the target material, the ions lose kinetic energy by two processes: nuclear 
stopping, where the ion loses energy by elastic collisions with atoms in the target, and 
electronic stopping, where the ion loses energy due to interactions between electrons in 
the target material and its own elections. Electronic stopping involves considerably 
smaller energy losses per collision than nuclear stopping and so the resulting lattice 
damage is small. The relative importance o f  each process is dependent on the mass, 
energy and atomic number o f  the incident ion and the mass and atomic number o f  the 
target material. In this work, where light ions were used (H2+, He+), the energy loss in the 
substrate is mainly due to electronic stopping.
The depth o f  penetration o f  an ion depends on a number o f  parameters, including the ion 
mass and energy, the target mass and the orientation o f  the beam relative to the target. 
Due to the random nature o f  ion-solid collisions, ions implanted with the same 
implantation parameters do not necessarily have the same range. For a beam o f  ions, a 
statistical distribution o f  implanted depths results, with a mean range Rp and a standard 
deviation ARp. The expected hydrogen depth distribution for 200keV H2+ in GaAs was 
simulated by a program called Surrey University Sputter Profile Resolution from Energy 
deposition (SUSPRE) [71] and is shown in Figure 2-2. The ions have a mean range o f  
756nm, with a standard deviation o f  156nm.
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Figure 2-2: Hydrogen and damage profiles for 200keV H2+ in GaAs, simulated by
SUSPRE [71]
An implanted ion undergoes a number o f  collisions before coming to rest. If the energy 
transferred to a target atom is lower than its displacement energy, the atom vibrates as a 
localised source o f  heat. However, if  the energy transferred to the target atom is higher 
than its displacement energy, the atom will be displaced from its lattice site, and in the 
simplest case, a vacancy-interstitial (Frenkel) pair is created. The displaced atom may 
have enough energy to displace other nearby atoms, resulting in a cascade o f  defect- 
generating collisions. As ions are implanted into the target, the collision cascades 
overlap, forming a damaged layer. The expected damage depth distribution for 200keV 
H2+ in GaAs was simulated and is shown in
Figure 2-2 along with the hydrogen distribution. At the end o f  their range, the ions travel 
slowly and therefore do not have enough energy to cause significant damage. Therefore 
the damage peak occurs at a shallower depth than the peak hydrogen concentration.
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2.2 Annealing
The annealing in this work was canied out using a Jipelec Rapid Thermal Annealer 
(RTA), in which the sample is heated by halogen lamps and attains the target temperature 
in a few seconds. The sample is placed inside a sample holder made o f  silicon carbide- 
coated graphite. The temperature o f  the sample is monitored using a pyrometer, directed 
at the underside o f  the sample holder, and by two thermocouples, one at the base o f  the 
sample holder and the other embedded within it. Temperature control is achieved via a 
feedback loop containing the latter o f  these two thermocouples. For all anneals, the 
sample was covered by a virgin piece o f  GaAs, in a so-called “proximity anneal” . This 
minimises the dissociation o f  GaAs and evaporation o f  arsenic during annealing. The 
annealing ambient was nitrogen gas.
2.3 Nomarski Microscopy
All samples were studied by Nomarksi optical microscopy directly after implantation and 
annealing to investigate blister formation. The Nomarski setting on the optical 
microscope enhances the contrast o f  the image according to the topography o f  the sample, 
and therefore is useful for studying surface blisters, which are not easily detected by a 
standard microscope.
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Figure 2-3: The Nomarski Microscope
The set up o f  the Nomarski microscope is outlined in Figure 2-3. Collimated light from a 
tungsten-halogen light source is linearly polarised by the polarizer, and is deflected by 90° 
by the half mirror. The beam then encounters the Nomarski prism, illustrated in Figure 
2-4, which consists o f  two wedge shaped slabs o f  optical quartz, cemented together. Due 
to the birefringent nature o f  the quartz, the light splits into two orthogonally polarised 
rays when it enters, which become spatially separated. The objective lens, shown in 
Figure 2-3, focuses the two rays onto the sample at slightly different lateral locations. 
The rays traverse different optical paths and therefore become slightly out o f  phase 
according to the topography o f  the sample. The reflected rays are collected by the 
objective lens and then pass through the Nomarski prism for a second time, where they 
are recombined. After exiting the Nomarski prism, the rays pass through the half mirror 
and then encounter the analyser (a second polarizer). Components o f  the two orthogonal 
rays that are parallel to the analyzer transmission vector are able to pass through the 
analyzer, and subsequently interfere with one another. This forms an image with 
amplitude fluctuations that vary according to the differential topography o f  the sample.
3 7
Chapter 2. Experimental
\
, 'J Incident light 
✓
1
Figure 2-4: The Nomarski Prism
2.4 Atomic Force Microscopy (AFM)
Samples from each o f  the wafers were studied by atomic force microscopy (AFM). The 
atomic force microscope, illustrated in Figure 2-5, maps the topography o f  the surface by 
recording the position o f  a thin tip, which is scanned across the surface o f  the sample. As 
the tip, which is mounted on a cantilever spring, is scanned across the surface, the 
electron cloud in the tip pushes against electron clouds from individual atoms in the 
sample. This generates a force that varies with the surface topography, deflecting the tip 
accordingly. The tip position is monitored by position sensitive photon detector, which 
measures the laser signal deflected from the cantilever spring. The AFM has a high 
resolution (~lnm) and is therefore capable o f  detecting much smaller blisters than the 
Nomarksi microscope.
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Figure 2-5: The Atomic Force Microscope
2.5 Scanning Electron Microscopy (SEM)
In this work, a Hitachi 54000 scanning electron microscope (SEM), was used to study the 
surface topography o f  the samples after implantation. In the SEM, shown schematically 
in figure 2-6, a beam o f  electrons is accelerated to 20keV by the electron gun and is 
focussed by a series o f  condenser lenses. The beam then passes through an aperture, and 
is scanned across the specimen by a series o f  deflection coils. On reaching the sample, a 
significant fraction o f  the beam is backscattered, usually after a series o f  elastic collisions 
within the target material. Secondary electrons are also created during bombardment by 
the electron beam, and are emitted when beam electrons enter the specimen and when 
backscattered electrons exit. The secondary electrons are detected by a secondary 
electron detector, positioned as shown in Figure 2-6.
Whilst backscattering is a function o f  both the atomic number and topography o f  the 
target material, the secondary electron yield is sensitive only to the inclination o f  the 
sample surface, and hence by detecting secondary electrons it is possible to obtain a map 
o f  the topography o f  the sample.
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Figure 2-6: The Scanning Electron Microscope
2.6 Transmission electron microscopy (TEM)
In contrast to SEM, transmission electron microscopy (TEM) images are produced by the 
transmission o f  electrons through a thin sample. By TEM analysis, it is possible to view 
the microstructure o f  a sample, and in particular, to view the defects present at different 
depths below the surface. Samples in this investigation were studied in cross section 
using a Jeol 2010 High Tension Transmission Electron Microscope.
In the transmission electron microscope, shown schematically in Figure 2-7, a highly 
focussed electron beam is directed onto a thinned sample. Apertures and electromagnetic 
lenses collimate and focus the beam. The beam impinges on the sample at high energy (in 
this work 200keV), and therefore some electrons are transmitted through the specimen. 
These electrons are focussed by the objective lens, and at the focal plane o f  the lens, a 
diffraction pattern is created. Below the lower focal plane, an inverted image o f  the 
specimen is formed. These images are magnified by the lenses below the specimen, and 
it is possible to vary the currents in the lenses in order to view either the diffraction 
pattern or an image o f  the specimen. The selected image is made visible when the
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electrons impinge on the fluorescent screen at the base o f  the microscope, and this is 
recorded by a digital camera.
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Figure 2-7: The Transmission Electron Microscope
Sample preparation is fundamental to TEM analysis, in which it is necessary to thin the 
sample to the order o f  microns in order to allow electrons to be transmitted. For this 
particular study, knowledge o f  the depth distribution o f  defects was desired, and therefore 
samples were prepared for cross sectional view. As discussed in the previous chapter, the 
defects responsible for blistering are sensitive to rises in temperature, and therefore it was 
essential to ensure that a low sample temperature was maintained during preparation and 
analysis. The method used in this work is illustrated in Figure 2-8 and was carried out as 
follows: Using a diamond saw, two small strips (3mm x 2cm) were cleaved from the 
sample, and these strips were glued together using epoxy glue, which polymerises at room 
temperature. The strips were thinned on their cross section to around 30pm by 
mechanical polishing. Finally, the sample was glued to a washer and placed on a rotation 
stage in an ion beam miller, in which a 5keV Ar+ beam was directed a glancing incidence 
on each side o f  the sample. The ion beam milling creates a crater which runs across the 
cross section o f  the sample, and in the vicinity o f  the crater, the sample is thin enough for 
electrons to be transmitted.
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The contrast observed in TEM micrographs arise from local variations in diffraction in 
the specimen. Images may be produced in bright field or dark field, depending on the 
position o f  the objective aperture. If the objective aperture is placed so that only the 
transmitted beam passes through and the diffracted beam is blocked, a bright field image 
is formed. In these images, dark contrast corresponds to areas o f  the specimen where a 
large number o f  electrons were diffracted, and light contrast corresponds to areas where 
the beam was largely undeflected. However, if  the objective aperture is placed so that the 
transmitted beam is blocked and only the diffracted beam is able to pass through, a dark 
field image is formed. In these images areas which diffract electrons through the 
objective aperture have light contrast.
Epoxy
glue
Implantation
Diamond sawing 
4
Ion beam milling
Figure 2-8: The sample preparation method
The majority o f  the TEM work in this thesis was carried out using the “weak beam dark 
field” imaging condition. In this mode, the crystal is moved slightly away from the Bragg 
condition, so that diffraction from the distorted area surrounding the defects is reduced, 
and the information comes only from the heart o f  the defect. As a consequence, this 
technique has the highest resolution o f  all the conventional imaging modes, and therefore 
allows us to make precise measurements o f  the sizes o f  defects.
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2.7 Secondary Ion Mass Spectrometry (SIMS)
Secondary Ion Mass Spectrometry (SIMS) is a useful tool for determining depth profiles 
and relative concentrations o f  impurities or implanted ions. Depth profiles o f  the H+, He+ 
and Ne+ implants, as detailed later in this thesis, were obtained by this technique on the 
Cameca IMS 6f at Cascade Scientific Limited.
SIMS analysis is carried out in a high vacuum chamber, in which a primary ion beam 
(either Cs+ or 0 +) is used to sputter the surface o f  the sample to be analysed, as illustrated 
in Figure 2-9. A proportion o f  the sputtered target atoms become ionised, and these 
secondary ions are extracted from the sample under a potential o f  around lOkV. Finally, 
the secondary ions are analysed by a mass spectrograph, which records the number o f  
each ion species passing through per second.
Figure 2-9: The Cameca 6f
During SIMS analysis, the top layer o f  the sample is repeatedly sputtered away by the 
primary ion beam, creating a crater in the sample. The depth scale o f  the SIMS profile 
was determined by measurement o f  the crater depth, assuming a constant sputter rate
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from the sample. The sputter rate from the GaAs matrix was recorded to support this 
assumption.
The secondary ion current generated for a particular element during SIMS analysis is a 
product o f  the primary ion beam current and the concentration, sputter rate and ionization 
probability for that particular element in a given matrix. Knowledge o f  these parameters 
therefore allows the concentration o f  a particular element to be deduced. Whilst the 
primary and secondary ion beam currents can be measured and theoretical models exist to 
accurately predict the sputter rate under given conditions, it is not yet possible to predict 
the ionization probability for a particular element. Therefore an absolute measurement o f  
the concentration o f  an element cannot be undertaken using SIMS, and the data must be 
compared to a standard, containing a known concentration o f  that particular element.
Although the absolute height o f  a profile determined from SIMS analysis is dependent on 
the quality o f  the calibration sample, it is possible to compare the relative concentrations 
o f  a particular element in different samples. One particular advantage o f  using SIMS for 
elemental profiling is that the depth resolution (around 5nm) is much better than that o f  
using elastic recoil detection analysis (see section 2.9).
2.8 X Ray Diffraction (XRD)
Each o f  the hydrogen implants were studied by double and triple crystal X  ray diffraction 
(XRD), in collaboration with the Polish Academy o f Sciences in Warsaw. The 
experiments were carried out on a high-resolution Philips MRD diffractometer, for which 
the double axis arrangement is shown schematically in Figure 2-10. In this arrangement, 
X  rays from an X  ray tube are diffracted first by a reference crystal, and then by the 
sample, following which they are detected by an X  ray detector. The X  ray pulse height 
is analysed, amplified and recorded to give a measurement o f  the X  ray intensity. To 
obtain a rocking curve, the specimen is rotated about the © axis, as shown in Figure 2-10, 
to give intensity as a function o f  angle.
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Figure 2-10: The X ray diffractometer
For a perfect crystal, the interatomic spacing is isotropic, and therefore the Bragg 
reflection will only occur at one particular angle. Theoretically, the rocking curve for 
such a material should consist o f  a single sharp peak in intensity at this angle. However 
in reality, the incident X  ray beam is sometimes polychromatic or divergent, and therefore 
even for a perfect crystal the peak has an intrinsic full width half maximum. In these 
experiments, monochromatic X  rays o f  wavelength 0.154nm and divergence o f  12arc 
seconds was used, giving a small full width half maximum and therefore a good angular 
resolution.
In a damaged crystal, the lattice parameter varies locally due to the strain induced by 
lattice defects, and so the Bragg condition is satisfied at more than one angle 0. This 
leads to broadening o f  the rocking curve. An example o f  an X  ray rocking curve from a 
ion implanted material is presented in Figure 2-11. The width o f  the rocking curve shows 
that strain is present in the lattice.
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Figure 2-11 An example of a rocking curve
Some samples were also studied in triple axis. In this configuration, the diffracted beam 
from the specimen is directed into an analyser crystal, which is rotated through an angle 
0, as shown in Figure 2-12. For different angles o f rotation o f  the sample (a) and 
analysing crystal (0), different intensities o f  scattering from defects are obtained at the 
detector. The angular position o f  the analyser and specimen are converted into reciprocal 
lattice vectors Qx and Qv, and plotted on a reciprocal space map, which has an jc axis Qx 
and y  axis Qy. The intensity o f  scattering is plotted on the reciprocal space map in equi- 
intensity contours. The diffuse scattering depends on the size and concentration o f  
defects; for a high concentration o f  defects or where the defect size is larger, a higher 
intensity o f  diffuse scattering is visible on the reciprocal space map. Triple axis 
measurements are characterised by a higher resolution than double axis methods, and 
therefore the method is sensitive to small defects such as clusters and dislocations.
Figure 2-12 Set up for triple axis XRD experiments
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2.9 Elastic Recoil Detection Analysis (ERDA)
Elastic recoil detection analysis (ERDA) is an ion beam analysis technique that can be 
used to measure the depth profiles o f  light elements. In this work, each hydrogen implant 
was studied by ERDA, and the depth profiles obtained were compared to those generated 
by SIMS.
The set up used in this particular experiment is shown in Figure 2-13, in which a beam o f  
5.5MeV 4He++ ions strikes the specimen at glancing incidence (15°). On reaching the 
sample, the incident beam undergoes elastic and inelastic collisions with particles in the 
sample. For ERDA, the elastic collisions between the incident beam and the particles in 
the sample are o f  particular interest. When an elastic collision occurs between the 
incident He beam and a hydrogen atom, the hydrogen atom is recoiled in a forward 
direction, and a proportion o f  these “ forward recoils” are detected by the ERD detector, 
positioned as illustrated in Figure 2-13. A  35pm thick range foil (consisting o f  a layer o f  
kapton and a layer o f  mylar foil) is placed in front o f  the detector to absorb forward 
scattered He from die incident beam. Also o f  interest is elastic backscattering, which 
occurs when the incident beam is backscattered from heavier nuclei (e.g. Ga, As) in the 
sample. A  proportion o f  these backscatters are recorded by the two RBS (Rutherford 
Backscattering) detectors and this is used to quantify the amount hydrogen in the sample.
Sample holder 
and goniometer
Figure 2-13: Elastic Recoil Detection Analysis (ERDA) set up
4 7
Chapter 2. Experimental
The energy o f  the recoiled hydrogen can be calculated by considering conservation o f  
momentum and energy, and is a function o f  the recoil angle, (p. (see Figure 2-13), the 
energy E0 o f  the incident He beam and the masses Mi and M2 o f  the incident and recoiled 
particles respectively, as given by equation 2-2:
AM, M ,
,OT" °(.M1+M 2)2 * (2’ 2>
The energy o f  the incident ion after the collision is
■\Im 22 - M 2 sin2 (j) + M 1 cosfi
E1 — E0
r
l i r  Z i  r  Z • 1  i  . ^  i
(2-3)
V
M x + M 2
The recoiled hydrogen loses energy due to nuclear and electronic stopping on its exit path 
and in the range foil, before being detected by the ERD detector. A  recoiled hydrogen 
atom buried deep in the sample will lose more energy on its exit path than those closer to 
the surface, and therefore it is possible to obtain an energy spectrum o f  the recoiled 
hydrogen, which is related to the depth distribution. An example o f  a typical spectrum is 
given in Figure 2-14. The channel number along the x axis o f  the spectrum is 
proportional to the energy o f  the recoiled hydrogen (and is therefore related to the depth 
in the sample), and the height o f  the spectrum is proportional to the hydrogen 
concentration at that depth. The narrow peak at higher channel numbers corresponds to 
hydrogen that has been adsorbed on the surface o f  the sample, and the buried hydrogen is 
represented by the wider peak.
Figure 2-14: Example of an ERD spectrum
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To convert the recorded energy spectrum into a depth versus concentration distribution, it 
is necessary to calibrate the ERD detector electronics. In this work this was achieved by 
taking spectra o f  a glass sample at four different incident beam energies. For each 
spectrum, the energy at the ERD detector o f  hydrogen recoiling from surface o f  the glass 
was calculated by subtracting the expected energy loss [73] in the range foil from the 
calculated recoil energies. Therefore the energy E; o f  any forward recoiled hydrogen 
could be deduced from its channel number Q , assuming a linear relation o f  the gain g  and 
offset o o f  the detector electronics as given by equation 2-4
Ei=gCi+ o
(2-4)
Similarly, the energy o f  the backscattered helium is dependent on the depth at which it 
collides with particles in the sample. The electronics o f  the RBS detectors were 
calibrated using an Au/Ni/SiCVSi sample, with a known layered structure [74]. A  
spectrum o f  this sample was taken and channel numbers were assigned to the known 
energies in the spectrum, in order to deduce the gain and offset o f  the detector electronics.
The number o f  counts in a given region o f  interest in the RBS and ERDA spectra due to 
scattering from an element a is proportional to the solid angle D o f  the detectors, the cross 
section aa(E,0) o f  the recoil or scattering process, the charge delivered by the analysing 
beam (Q) and fraction fa and areal density (Nt)a (in atoms/cm2) o f  the element a, as given 
by equation 2-5:
Y = QQfacra (E ,0)(N t)a
(2-5)
In these experiments, the charge was collected by a charge collector on the sample plate 
and the Rutherford scattering cross sections are well-documented for given energies and 
geometries (the scattering and recoil angles in this experiment were measured using a 
laser). Therefore using the calibration sample, with a known layered structure, it was 
possible determine the solid angle o f  the RBS detectors. This was done using the fitting
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program DataFumace [75] to simulate the spectra o f  the calibration sample at normal 
incidence.
By inspection o f  equation 2-5 it is clear that the solid angle o f  the ERD detector must be 
known in order to determine the hydrogen content in a particular sample. To determine 
the solid angle o f  the ERD detector it was necessary to find the solid angle ratio between 
the ERD and RBS detectors. This was determined from a previous experiment, in which 
a lower incident beam energy was used. It was necessary to do this because at 5.5MeV 
the scattering cross sections for the standards used in this work are not well-documented. 
Having already measured the solid angle o f  the RBS detectors, the solid angle ratio could 
be used to infer the solid angle o f  the ERDA detector.
In order to measure the hydrogen content o f  the samples, it was necessary to verify the 
charge delivered by the analysing beam during the ERD measurements. This was 
calculated by inspecting the RBS spectra from the backscattered ions which were taken 
simultaneously with the ERD measurements. The charge delivered by the analysing 
beam can be calculated very accurately from this due to the fact that the backscattering 
cross section and the density o f  atoms are known very accurately for GaAs in a random 
orientation.
Finally, the DataFumace fitting program was used to evaluate the hydrogen content o f  the 
samples, given the charge, detector solid angles and electronics calibration. The 
DataFumace code attempts to minimise an objective function, which describes the fit o f  a 
“test” profile to the experimental spectra. An example o f  the final profile is given in 
Figure 2-15 and the hydrogen content o f  the samples is deduced by integrating the profile.
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Figure 2-15: Example of a hydrogen profile fitted by DataFumace 
2.9.1 Heavy Ion ERDA
A  variant o f  the conventional ER D A technique is called heavy ion ER DA, or HI-ERDA, 
and involves replacing the He analysing beam with a beam o f high energy heavy ions, 
such as Au+. In this configuration it is possible to measure depth profiles o f  heavier 
elements than hydrogen. For this project, samples were studied by H I-ERD A in 
collaboration with the Australian National University to obtain concentration profiles o f  
He and Ne.
2.10 Channelling by Rutherford Backscattering (RBS)
If the analysing He+ beam is directed down a channel in a crystalline material, it is steered 
through the channel by small-angle screened Coulomb collisions between the ion and the 
atoms bordering the channel. For a channelled incident beam, the probability o f  
backscattering is greatly reduced compared to incidence in a random direction and 
therefore the yield o f  the RBS spectrum is lower, as illustrated in Figure 2-16.
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Figure 2-16: Random and Channelled RBS spectra for GaAs
I f  the crystal is damaged however, the path o f the beam through the crystal is affected and 
the beam may become dechannelled. Lattice damage affects channelling in two different 
ways: by direct backscattering o f  the incident beam from atoms which are displaced from 
their lattice sites, and by gradual dechannelling o f the incident beam by dislocation-type 
defects. Therefore the yield o f  the channelled RBS spectra is amplified according to the 
lattice damage in the sample -  i f  a sample is so heavily damaged that it has amorphised, 
the yield will match that o f  a random spectrum.
For a single crystal, the maximum angle <p between the analysing beam and the channel 
direction to get ion beam steering into the channel is dependent on the lattice potential 
and the energy o f the analysing beam, and can be approximated by equation 2-5:
(2-5)
4  m nE nd0 0
Where Z\e and Z2e  are the nuclear charge o f the incident ions and target atoms 
respectively. Eo is the energy o f the analysing beam and d is the distance between the 
atoms along the channelled axis. In the case o f  1.5M eV He incident on a GaAs lattice, 
this acceptance angle was calculated to be 1.04°. The samples were aligned for
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channelling by moving the goniometer into the position where the backscattering yield 
was lowest.
Analogous to the ERD experiments, the helium loses energy as it exits the sample, and 
consequently the energy o f  the backscattered helium is inversely proportional to the depth 
in the sample at which the helium was backscattered. Therefore the energy (proportional 
to the channel number) on the x axis o f  Figure 2-16 can be converted into a depth scale, 
and it is possible to analyse the depth distribution o f the damage in a particular sample.
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C h a p te r  3
3 Investigation into hydrogen implantation in
GaAs
3.1 Introduction
A s discussed in chapter 1, it is still unclear exactly how the ion-cut process is affected by  
different ion implantation parameters, especially for III-V materials such as GaAs. In 
order to optimise the ion-cut process for GaAs, it is necessary to understand the effect o f  
the different ion implantation parameters on the blistering process.
An investigation into the effect o f  implant temperature on blistering was carried out, with 
the aim o f reconciling the discrepancies in the literature concerning implantation 
temperature, as detailed in chapter 1. Semi-insulating GaAs wafers were implanted with 
200keV H2+ to a fluence o f  5 x l0 1 6  H /cm 2, at -90°C , 30°C , 100°C, 200°C  and 300°C . For 
the first implant (-90°C ), the wafer was mounted to a chnck via clips and cooled with 
liquid nitrogen during the implant. For the other implants, the sample was mounted onto 
a heater chuck, as outlined in section 2 . 1 .2 .
Samples from each o f  the wafers were studied by Nomarski microscopy and A F M  in their 
as implanted state and after annealing at different temperatures. Samples from each o f  the 
wafers were also studied by TEM , X R D  and channelling RBS to investigate the lattice 
disorder, and the hydrogen distribution in the samples was studied by elastic recoil 
detection analysis (ERDA).
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3.2 Results
3.2.1 Nomarski Microscopy and AFM
Blister formation on each o f the wafers before and after annealing was investigated by  
Nomarksi microscopy and A FM . The results are summarised in Table 3-1. In the as- 
implanted state, blisters were only detected on the wafer implanted at 200°C . After 
annealing at 500°C , very small blisters had appeared on the sample implanted at 300°C , 
and the blisters on the 200°C  implant had grown significantly. The lower temperature 
implants had not blistered, even after annealing.
Table 3-1 AFM  and Nomarski observations of blistering
Implant temperature 
(degrees C)
Blisters as implanted Blisters after annealing 
(500C  for 1 hour)
-90 No No
30 No No
1 0 0 No No
2 0 0 Yes Yes
300 No Yes (very small)
The result for the 300°C  implant lies outside the upper limit o f  the window deduced by  
Tong et al [44], detailed earlier, that blistering can only be achieved between 160-250°C , 
even after annealing. It is possible that the difference between this data and Tong’ s lies in 
the method o f  measurement o f  the implant temperature -  for example, whether in Tong’ s 
experiment, the chuck or sample temperature was measured, or indeed whether it was 
measured by pyrometer or thermocouple. It is also possible that the difference is due to
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the effect o f  another parameter -  for example the fluence or the flux. This will be 
discussed in further in chapter 4.
Nomarksi and AFM  micrographs o f the surface o f the 200°C  sample after implantation 
and after annealing (500°C  for 1 hour) are shown in Figure 3-1. After implantation, very 
small, flat blisters can be seen on both the AFM  micrograph and the Nomarski 
photograph, at just above the noise level o f  the AFM . These blisters appear to have a 
diameter o f  around 1 micron and are around 10-20nm high. Nomarski and AFM  
micrographs o f the surface after annealing at 500°C  are shown in Figure 3-1 c and d. It is 
clear from both pictures that a distribution o f different sizes o f  blisters is present, with 
diameters o f  the order o f  1 micron. The A FM  micrograph shows that the height o f  the 
blisters is around 1 0 0 - 2 0 0 nm.
Figure 3-1 Nomarski (a) and (c) and AFM (b) and (d) micrographs of 200°C implant 
after implantation (a) and (c), and after annealing at 500°C for 1 hour (c) and (d).
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Blistering was investigated by A FM  in addition to Nomarksi microscopy due to the 
higher spatial resolution o f the AFM  technique compared to Nomarski microscopy (~lnm  
compared to ~0.5pm ). It was assumed that the AFM  would be more effective than 
Nomarski at detecting smaller blisters.
Samples from the 200°C  implant were annealed at 300°C , 400°C , 500°C and 700°C  for 
10 minutes, and were studied by Nomarski microscopy in order to investigate the growth 
o f blisters after annealing. The Nomarski technique was chosen over AFM  due to the 
time involved in producing an AFM  image, also due to the fact that larger numbers o f  
blisters could be studied in one photograph (in the region o f 600 blisters) compared to the 
AFM  (around 100-200 blisters per micrograph) and therefore better statistics could be 
taken from a Nomarski photograph.
Figure 3-2 shows Nomarski photographs o f the 200°C  implant after annealing at 300°C , 
400°C , 500°C and 700°C  for 10 minutes. It is clear from the figure that blistering 
becomes more pronounced as the anneal temperature is increased.
57
Chapter 3
Figure 3-2 Nomarski photographs of the 200°C implant, annealed at (a) 300°C, (b)
400°C, (c) 500°C and (d) 700°C.
The diameter o f  each blister in the above photographs was measured with the aid o f  a 
program called Image Tool [76] to calibrate and record the measurements. Figure 3-3 
illustrates the diameter distribution o f  these blisters for each photograph. It is clear from 
Figure 3-3 that as the anneal temperature increases, the distribution contains an increased 
number o f smaller blisters and a decreased number o f larger blisters. A s a result, the 
mean size o f  the blisters increases, as shown in Figure 3-4. The reproducibility o f  these 
results was verified by taking photographs o f different areas o f  the samples noting that the 
same trend occurred for all areas.
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Figure 3-3 Blister size distribution after annealing the 200°C implant at 300°C.
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A s detailed in section 1.2.1.1 o f  chapter 1, it has been shown that hydrogen platelets in Si 
grow on annealing by an Ostwald ripening process, with larger platelets growing at the 
expense o f smaller ones. The above results are consistent with this theory, suggesting 
that, on annealing, large blisters in GaAs tend to grow at the expense o f smaller blisters.
The number density o f  blisters (number o f blisters per square mm) was also recorded for 
each photograph, by counting the number o f blisters in the photograph and dividing by 
the photograph area. The results are plotted in Figure 3-4, which shows that the as the 
anneal temperature is raised, the number density o f blisters diminishes. This is also 
consistent with Ostwald Ripening theory, in which small objects are absorbed by large 
objects, lowering the overall number density o f  objects.
♦  M e a n  d ia m e te r
*  N o . d e n s ity
A n n e a l  t e m p  (C )
Figure 3-4 Size and number density of blisters after annealing 200°C implant at
300°C. 400°C,. 500°C and 700°C
In an Ostwald Ripening process, the evolution o f a group o f objects occurs simply by the 
absorption o f smaller objects by larger objects, and therefore the total area covered by 
objects remains constant throughout the duration o f the process. The percentage o f  blister
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coverage in each photograph was estimated by assuming that the blisters were spherical 
and that they could be represented by the mean o f the distribution in each case. The 
results are plotted in Figure 3-5. A  line o f  best fit (solid line) has been drawn through the 
points, but equally, within the error bars, a line o f  constant blister coverage (27% ) fits. 
Therefore, within the uncertainties, the percentage o f the area covered by blisters remains 
constant after annealing at different temperatures, supporting theory that the blisters grow 
by Ostwald Ripening.
A n n e a l te m p e ra tu r e  (C )
Figure 3-5 Percentage of area covered by blisters after annealing 200°C implant at
300°C, 400°C. 500°C and 700°C
3.2.2 Structure of damage -  TEM, XRD and RBS
In order to further investigate the effect o f  implant temperature on blistering, a 
combination o f TEM , X R D  and RBS was used to investigate the nature o f the damage 
introduced into the lattice at different implant temperatures. At the heart o f  this 
investigation was the conclusion o f  Tong et al that the effect o f  implant temperature was 
intimately related to the damage created at different temperatures -  if  the implant
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temperature was too low, it was proposed that the lattice disorder would be so prolific that 
hydrogen would be trapped and would be unable to migrate and evolve into platelet 
defects. I f  the implant temperature was too high, hydrogen would be so mobile in the 
lattice that it would out-diffuse, and would not be trapped in high enough concentrations 
to form blisters. However, this argument was not verified by any experimental results. 
A n aim o f  this investigation was therefore to test Tong’ s conclusion.
In order to investigate the role o f the damage on the effect o f  implant temperature in 
GaAs, samples from each o f  the wafers were analysed in the as-implanted state using 
channelling RBS, as outlined in chapter 2. The channelling spectra are displayed in 
Figure 3-6. A s explained in chapter 2, the normalised counts on the y axis o f  these 
spectra are proportional to the lattice disorder in each sample, and therefore from Figure
3-6 it is evident that the lattice disorder increases with increasing implant temperature 
between 30°C  and 200°C . The lattice disorder is lower at 300°C  than at 200°C . Similar 
results were found by Gawlick et al [45] who studied GaAs implanted with hydrogen at 
temperatures o f  up to 160°C, and found that the lattice disorder increased with increasing 
implant temperature.
At first glance, these results are contradictory to the conclusions o f  Tong et al, who 
claimed that the damage in the lattice decreases with increasing implant temperature. 
However, the lattice disorder measured by RBS arises as a consequence o f dislocation- 
type defects which dechannel the ion beam, in addition to clusters and point defects which 
cause direct backscattering to occur. For high implant temperatures, it is likely that the 
defect structure o f the sample is different, and this facilitates the movement o f  hydrogen 
in the lattice. One explanation for the rise in lattice disorder is that although the point 
defect content o f  the sample decreases with increasing implant temperature, there is 
sufficient energy available for clusters and dislocations to form, which increase the 
dechannelling yield observed during ion beam analysis. To further understand these 
spectra, it is necessary to study the other results from these samples.
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Figure 3-6 Channelling RBS spectra for samples implanted at different
temperatures
The 200°C  implant was studied after implantation by cross sectional TEM , courtesy o f  
the University o f  Poitiers, France. Figure 3-7 gives a good indication o f the types o f  
damage present in the implantation zone o f this sample, showing an array o f bubbles 
scattered throughout. There are also platelets, or hydrogen filled microcavities, (circled) 
oriented in (111) directions. Some o f these objects are connected by a microcrack, 
approximately 0 . 8  microns in length.
The 200°C  implant was studied after annealing at 400°C  by the University o f  Salford. As  
shown in Figure 3-8, a microcrack o f  approximately 1.2 microns in length is present in 
this particular picture. In close-up, it is evident that microcracking is more pronounced in 
this picture than for the as-implanted sample, with a number o f parallel lines connecting a 
single crack.
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Figure 3-7 Cross sectional TEM micrograph of 200°C implant after implantation
Figure 3-8 TEM Micrograph of 200°C implant after annealing at 400°C for 10 mins
The evolution o f platelet defects into microcracks has been shown by other authors to be 
responsible for splitting and blistering in silicon [6 ]. This conclusion is consistent with 
these TEM  pictures, which support the idea that blister formation in GaAs occurs 
concomitant with a rearrangement o f  the defect structure into platelet defects and 
microcracks. This idea has implications for the type o f spectra seen by RBS channelling 
-  where platelets and, in particular, microcracks are present, we would expect the ion 
beam to be dechannelled, due to the distortions that they manifest in the lattice. Therefore
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RBS spectra from material containing higher concentrations o f  platelet defects and 
microcracks (i.e. blistered material) may have a higher dechannelling yield than those 
containing low concentrations.
Figure 3-9 shows the channelling RBS spectra for the 200°C  implant after annealing at 
different temperatures. The lattice disorder in these samples increases with increasing 
implant temperature, until, at 700°C , the dechannelling yield reaches 90%  o f the random 
yield at channel 180. A s the anneal temperature is increased, the lattice disorder at the 
surface o f these samples also increases. The Nomarski microscopy images o f  the surfaces 
o f these samples are shown in Figure 3-2, which shows that on annealing, the blisters 
become larger and higher (as shown by the increased contrast in the images). Such a 
process distorts the surface o f the sample, making it increasingly difficult to channel the 
ion beam during RBS measurement. Therefore we can understand the increased surface 
disorder in these samples and attribute it to the evolution o f surface blisters. This is 
discussed in more detail in chapter 4.
24795.5
Figure 3-9 Channelling RBS Spectra after implantation and annealing at 300C ,
400°C and 700°C for 10 minutes
The strain distribution in each sample, in the as implanted state and after annealing, was 
studied by double axis X  ray diffraction (XR D ), in collaboration with the Polish Academy 
o f Sciences, Warsaw. Figure 3-10 shows the double axis rocking curves for each sample, 
directly after implantation. The fringes to the left o f the high intensity peak indicate that 
strain is present in the material. It is clear from Figure 3-10 that the fringes attenuate as
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the implant temperature is raised, indicating that the strain in the lattice is relieved. This 
is consistent with the idea that at higher temperatures, the defect structure and the 
implanted hydrogen are more mobile in the lattice, and is able to form into complexes, 
such as platelet defects and dislocations, which relieve the strain. This supports the 
explanation o f the RBS spectra in Figure 3-6, in which the increase in lattice disorder was 
assigned to the agglomeration o f  the damage into larger defects.
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Figure 3-10 Rocking curve from double axis XRD
A  sample from each o f the wafers was studied after annealing at 500°C for 10 minutes. 
The rocking curves for these samples are presented in Figure 3-11, which shows that after 
annealing, the strain relieves in all the samples, regardless o f  the initial implantation 
conditions.
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Figure 3-11 Rocking curves for samples annealed at 500°C for 10 minutes
3.2.3 Location and concentration of hydrogen
Samples from each o f the wafers were studied by ERDA in the as implanted state and 
after annealing, to investigate the depth profiles o f  the implanted hydrogen. The ERDA  
profiles obtained from the as implanted samples are shown in Figure 3-12. As explained 
in chapter 2 , the peak in the profile at low depth corresponds to hydrogen that has been 
adsorbed on the surface, whereas the peak at 850-900nm corresponds to the buried 
hydrogen. The fluence o f hydrogen retained in the sample (relative to the -90°C  implant), 
obtained by integrating the buried hydrogen signal in the ERD spectra, is shown in Figure
3-13. The results in Figure 3-13 show that as the implant temperature is raised, the 
hydrogen concentration diminishes, such that the 300°C  implant retains only 6 6 %  as 
much hydrogen as the -90°C  implant. Looking at the ERDA spectra in Figure 3-12, we 
can see that the spectrum for the 300°C  implant is shifted lOOnm towards the surface, 
suggesting that the loss o f hydrogen is due to out-diffusion. Therefore we can understand 
why blistering in the wafer implanted at 300°C  is not as prolific as at 200°C  -  hydrogen 
does not exist in sufficient concentrations for blistering to occur, supporting the theory o f
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Tong and co-workers that at 300°C , hydrogen cannot be trapped in sufficient 
concentrations for blisters to form.
■ -9 0 C  
3 0 C
♦  1 0 0 C
♦  2 0 0 C
♦  3 0 0 C
Figure 3-12 Hydrogen profiles obtained by ERDA analysis for samples implanted at
-90°C, 30°C, 100°C, 200°C and 300°C
Implant Temperature (C)
Figure 3-13 Fluence of hydrogen in profile compared to -90°C implant for different
implant temperatures
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3.3 Reproducibility
In order to test the reproducibility o f  the ion implantation stage, another 200°C  implant 
was performed, at the same energy and fluence as the previous implants. This wafer was 
studied directly after implantation and after annealing by Nomarksi microscopy. In 
contrast to the original 200°C  implant, no blisters were formed on the surface o f  the 
sample, even after annealing at 700°C . It was therefore evident that the process was not 
reproducible and this was investigated.
Samples from the second 200°C  implant were studied by elastic recoil detection to 
investigate the hydrogen content. The ERD spectra for both implants in the as-implanted 
state are shown in Figure 3-14. Integrating the spectra showed that the second wafer 
contains only 87%  o f the hydrogen content o f  the first. Given the nominal uncertainty o f  
the ERDA technique o f 6 %  [78], the implants differ by just over 2 standard errors and 
therefore the difference in hydrogen content is significant.
200
Figure 3-14 ERD spectra for original implant at 200°C and repeat of the same
implant.
There are a number o f explanations for the higher hydrogen content o f  the first sample. 
The first possibility is that this implant was overdosed and that too much hydrogen was 
implanted during the first implant (the second 200°C  implant was much more closely 
monitored than the first). Another possibility is that the implant temperature was not 
measured reproducibly, which would affect the concentration o f  hydrogen retained in the
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samples, as shown in Figure 3-13. However, another factor, which had not previously 
been considered in the literature, is the effect o f the flux o f hydrogen implantation. 
Considering that the first implant took lhr 44 mins, and the second implant took 3hr 23 
mins, it is possible that the difference in blistering in these samples and the hydrogen 
retention arise as a consequence o f  the different fluxes used. It was therefore necessary to 
develop the implantation process so that the measurement o f  fluence and implant 
temperature were reproducible, and also the effect o f flux could be controlled and 
investigated. A  detailed investigation was undertaken and is described in the following 
section.
3.3.1 Reproducibility o f the fluence measurement
Two factors that could affect the reproducibility o f  the fluence measurement are the 
uniformity o f  the implant across the wafer, and the wafer to wafer uniformity for different 
implants. The fluence measurements o f  the implants were made by recording the counts 
measured by four faraday cups surrounding the sample, as detailed in chapter 2. An  
estimate o f  the fluence uniformity o f  the implant was obtained by calculating the standard 
deviation o f  these four measurements. For the first 200°C  implant, the uniformity was 
3 .8%  and for the second 200°C  implant, this value was 0 .14% . For this batch o f implants, 
the wafer to wafer uniformity was estimated to be in the region o f  2 % . This implies that 
any uniformity error would be low enough to be undetectable by ERDA.
In order to test this conclusion, samples from opposing sides o f  the wafers were analysed 
using ERDA. The integrated counts in the spectra are directly proportional to the 
hydrogen concentration in each sample, and should be the same for all samples from the 
same wafer, unless the uniformity is poor. The results for two samples from three wafers 
containing different concentrations o f  hydrogen are shown in Figure 3-15. It is clear that 
within the experimental error, each part o f  the two wafers contains the same relative 
concentration o f hydrogen, suggesting that the uniformity is good. This implies that the 
differences in measured hydrogen between the first and second 200°C  implants do not 
arise from problems with the uniformity or reproducibility o f  the fluence measurement.
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Figure 3-15 Measurment of implant uniformity by ERDA for samples from opposing 
sides a and b of different hydrogen implanted wafers
In the following part o f  the investigation, however, the beam conditions (i.e. beam 
current, scan area, flux) under which the initial 200°C  implant was carried out were 
reproduced. It was noted that under these conditions, the flux was so high that the 
faraday cups were set to an inappropriate range, and were therefore unable to measure all 
the counts. This implies that some counts were missed, and that the implanted fluence 
would have been higher than desired. This wafer had also blistered after implantation, 
although it was not clear exactly how much hydrogen had been implanted. The 
conditions under which the other implants were carried out were tested, and it was 
decided that these implants would not have been affected by this mistake because 
significantly lower fluxes were used for each implant. Therefore with the exception o f  
the first 200°C  implant, it was concluded that the implant uniformity was good and the 
fluence measurement was reproducible.
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3.3.2 Investigation into the reproducibility of the flux
A  second attempt was made to reproduce the beam conditions under which the initial 
200°C  implant was carried out, and the flux was monitored at regular intervals. The beam 
current (measured by the beam stop) was found to drift significantly during the run. For 
example, in one test it decreased from 230uA to 160uA over a 1 hour period, and this had 
a knock-on effect on the temperature o f the sample, which decreased by up to 100°C as 
the beam current decreased. In the past, variations in the beam current were controlled by  
stopping the beam, re-adjusting the magnet currents and refocusing. However, during 
such adjustments the sample temperature drops significantly due to the absence o f  beam 
heating. It has been shown that blistering in GaAs is intimately related to the implant 
temperature and therefore running implants in this way is non-reproducible and 
undesirable for the purpose o f  this project. In addition, in order to investigate the effect 
o f  flux, a much higher level o f  beam stability was desired.
A t first, it was not clear whether the beam current variations were due to instabilities in 
the plasma, or instabilities which developed further along the beam line, such as due to 
drift in the analysing magnet. In order to investigate this, the post acceleration was 
switched o ff and a number o f  source parameters were monitored during a test run, 
including the source pressure. W hile the filament current and voltage stayed fixed 
throughout the duration o f  the test, the beam stop current decreased as the source pressure 
decreased, as shown in Figure 3-16.
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Source pressure and beam stop current during test run
T im e  ( m in s )
Figure 3-16 Measured source pressure and beam stop current during a test run
In order to stabilise the source pressure, a number o f changes to the running conditions 
were made. Due to the higher ionisation energy o f argon, the argon content o f  the source 
gas was raised in an attempt to stabilise the plasma. In addition, the discharge was run 
under current control in an attempt to stabilise the beam current. However, these efforts 
proved to be unsuccessful at stabilising the beam current or source pressure. Finally, 
when the extraction voltage was dropped from 40kV to 30kV, both the source pressure 
and beam stop current stabilised.
It was speculated that the pressure and beam current instabilities were generated by flakes 
o f sputtered material in the source, which could bridge the gap between the anode and the 
cathode, causing them to short out for very small periods o f  time. Such a process would 
cause instabilities in both the source and the beam. By dropping the extraction potential 
to 30kV, the sputtered material was no longer able to bridge the gap between the anode 
and the cathode, allowing the source to run in a stable mode. Indeed, when the source 
was taken out and cleaned, it was possible to run a stable beam with a 40kV extraction. It 
was therefore concluded that the source must be cleaned regularly (after approximately 2 - 
3 days o f use) for hydrogen implantation using 40kV extraction to be successful. For the
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following implants in this thesis, the implanter was run under 30kV extraction to allow a 
longer period o f  stability.
The flux o f implantation is defined in terms o f  the number o f ions/cm2/s arriving at the 
target. The scan area, scan frequency and the beam power density will affect the 
measured flux o f implantation. The beam power density is affected by the beam current 
as well as the focussing conditions o f the beam (i.e. the beam spot size). In order to 
investigate the effect o f  different fluxes, the scan area and scan frequency were fixed. In 
addition, the beam was focussed to approximately the same size for each implant (around 
5mm), while the beam current was varied. In this way, it was possible to set up a beam 
with a particular beam power density (or flux).
To fix a particular flux before the start o f  an implant, a molybdenum plate was fabricated 
and placed in the beam line a few cm in front o f the sample and faraday cups. Four holes 
were drilled in the plate and these were aligned with the faraday cups so that the beam 
could be focussed and scanned over the plate so that the beam could be set up prior to 
implantation, without affecting the sample.
To measure the flux o f implantation, the charge received by the upper right faraday cup 
was recorded every minute. Calculation o f  the standard error o f  the recorded count rates 
gave an estimate o f  the flux variation o f around 6 % . Over a long implant (e.g. 9 hours) 
the flux would drift slightly, and this was corrected for by adjusting the analysing 
magnets, without stopping the beam, until the flux recovered. The beam size was 
checked at the end o f the implant to ensure that it had retained its focus.
3.3.3 Investigation into the reproducibility of implant temperature
Reproducibility o f the implant temperature measurement is fundamental to any 
investigation into the effect o f  implant temperature. In addition, it was desirable to
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investigate the effect o f  flux, and decouple this effect from the beam heating which occurs 
as the beam current is raised.
A s outlined in chapter 2, for the first set o f  experiments, the implant temperature was 
monitored by a thermocouple attached to the Si support wafer, as shown in Figure 3-17. 
In order to test that the temperature o f the Si support wafer gave a good representation o f  
the sample temperature, a second thermocouple was placed at the centre o f  the GaAs 
wafer, and the heater chuck temperature was raised. It was found that the two 
thermocouple readings diverged as the temperature increased, such that when the Si 
support wafer temperature was 300°C  the GaAs wafer temperature was 50°C  lower. This 
was presumably due to difficulties in transferring the heat through the elastomer layer to 
the GaAs. In addition, the heater readback value was 50°C lower than that o f  the Si 
support wafer, presumably for the same reason. Scanning the hydrogen beam across the 
sample caused the temperature o f the GaAs wafer to rise, with the relative temperature o f  
the GaAs, Si and heater readback depending on the beam current. It was therefore 
decided that this method o f temperature measurement was not suitable for this 
investigation, where different beam currents and chuck temperatures would be used.
GaAs wafer Si support wafer
Elastomer
Heater chuck
Side view Plan view
Figure 3-17 Sample chuck arrangement for the first set of experiments.
To simplify the arrangement and to faciliate heat transfer, the Si support wafer was 
removed and the elastomer below the 3” GaAs wafer was brought into direct contact with 
the heater chuck. To faciliate heat transfer and to protect the heater chuck from irradation
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by the ion beam (the heater chuck was designed to take 4” wafers), a hole o f  2 .5”  
diameter was shot-blasted into the Si support wafer, to fabricate a Si guard ring. This was 
placed above the GaAs wafer, as shown in Figure 3-18. The Si guard ring was held in 
place with clips that originated from the heater chuck. In this arrangment, much better 
thermal contact was achieved between the GaAs, Si and heater chuck. For example, at a 
heater set point o f  200°C , the heater readback was 220°C , the temperature o f the centre o f  
the GaAs wafer was 203°C , and the silicon guard ring was 210°C . When a high power 
beam was directed onto the sample, the Si guard ring and GaAs wafer readings rose and 
stabilised to within 10°C  o f each other. Therefore during implantation, it is expected that 
a temperature gradient o f  around 10°C could be expected between the centre and the 
outside o f the wafer. The direction o f this temperature gradient depends on the relative 
heat from the heater and the beam. This therefore gives an indication o f the temperature 
uniformity o f  the samples in these investigations o f around 10°C. In order to prevent 
sputtering o f the thermocouple material into the GaAs wafer, the thermocouple reading 
was taken from the Si guard ring for all future implants. This is thought to contribute up 
to 10°C  to the uncertainty in the sample temperature.
Si guard ring
GaAs wafer 
Elastomer
Heater chuck
Side view Plan view
Figure 3-18 Sample chuck arrangement for the proceeding experiments
To investigate the effect o f  flux on blister formation in GaAs, it was necessary to 
decouple the effect o f  flux from the beam heating effect that causes a rise in temperature 
to occur at higher beam currents. To do this it was necessary to maintain a fixed 
temperature for each implant, by adjusting the temperature o f  the heater chuck to
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compensate for the beam heating effect. Using this method it was possible to maintain a 
stable temperature during implantation, with a variance o f around 10°C, depending on the 
stability o f  the beam. An example is shown in Figure 3-19.
Im p la n t  t im e  (m in s )
Figure 3-19 Measured implant temperature as a function of implant time
To reduce the implant time, after a given fluence had been attained, half the wafer was 
shielded from the beam and the remaining half o f  the wafer continued to be implanted to 
the desired fluence. By reducing the area o f  the wafer visible to the beam, the power 
delivered by the beam dropped by a factor o f two, resulting in a small drop in 
temperature. Figure 3-20 shows the recorded temperature during such an implant. It is 
evident from the figure that shielding half o f  the wafer in the second half o f  the implant 
resulted in a 6 °C drop in temperature, contributing to the uncertainty o f  the implant 
temperature.
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E x a m p le  o f  t e m p e ra tu r e  m e a s u r e m e n t  d u r in g  im p la n ta tio n
Tlm« (mlns)
Figure 3-20 Example of temperature measurement during implantation
It was concluded that the implant temperature, fluence and flux could be controlled to 
within a reasonable uncertainty. Therefore the effect o f  flux, fluence and temperature on 
blistering in GaAs could be investigated. The following chapter summarises the results o f  
these investigations.
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C h a p te r 4
4 Effect of the flux and implant temperature 
on ion-cut in GaAs
4.1 Investigation into the effect of flux on blistering in GaAs
To investigate the effect o f  flux on blistering in GaAs, semi-insulating GaAs wafers were 
implanted with 190keV H2+ at fluxes o f  3 .3 x l0 12, 9 .8 x l0 12, 1 .4 x l0 13 and 2 .5 x l0 13 
H /c m /s . Each o f these implants were performed at a target temperature o f  180°C  
(±15°C ). A s described in the previous section, each wafer was implanted with 5x10 16 
H/cm , after which half the wafer was shielded and the remaining half was implanted to a 
total fluence o f  lx lO 17  H/cm2.
4.1.1 Surface analysis : Nomarksi microscopy, AFM and SEM
Each o f the wafers were studied by Nomarski microscopy and A F M  directly after 
implantation. The results are summarsised in Table 4-1.
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Table 4-1 Nomarksi microscopy and AFM results for samples implanted at 5xl016 and 
lxl017H/cm2 at fluxes of 3.3xl012, 9.8xl012, 1.4x10° and 2.5x10° H/cm2/s
5x10 16  fluence lx lO 1 7 fluence
Flux Blisters as 
implanted?
Blisters after 
annealing?
Blisters as 
implanted?
Blisters after 
annealing?
3 .3 x l0 ' 2 no no no no
9 .8 x l0 12 no no yes yes
1.4xlOIJ no yes (v. small) yes yes
2 .5 x l0 u yes (v. small) yes yes yes
t
Selected AFM  scans o f samples implanted at the lower fluence are presented in Figure 4-1. 
It is clear that as the flux is increased, the roughness o f the surfaces increases. Blisters are 
visible on the samples implanted at fluxes above 1 .4 x l0 13 H/cm 2 /s. W e can conclude 
from these results that the blisters at this fluence are not very high (o f the order o f  1 Onm) 
and that blistering becomes more prolific as the flux is increased.
Figure 4-1 20pm scans of 5xl016 implants at fluxes of 3.3x1012H/cm2/s as implanted, and 
9.8xl012, 1.4x10° and 2.5x10° H/cm2/s after annealing at 700°C for 1 minute.
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Optical micrographs o f a selection o f the higher fluence samples are shown in Figure 4-2. 
Exoliation appears as dark patches on the micrograph. From the micrographs, it is clear 
that as the flux is increased, the degree o f exfoliation increases.
100 m icrons
1
1 0 0  m icrons
1--------------------------------------1
' 1  -
1 1 1
9.8xl0 12 H/cm2/s 1.4xl0 13 H/cm2/s 2.5x10 1 3 H/cm2/s
Figure 4-2 Nomarski micrographs of samples implanted with 190keV H2+ at lxlO17 H/cm2 at 
fluxes of 9.8xl012,1.4xl013 and 2.5xl013 H/cm2/s, as implanted
The diameters o f  the blisters in these samples were measured using the method outlined 
in section 3.2.1, and the diameter distrubtion is plotted in Figure 4-3. Similar to the 
annealed samples described in section 3.2.1, as the flux is increased, the distribution 
contains a lower proportion o f small blisters and a higher proportion o f large blisters.
9 .8 e 1 2  H/cm 2 /s  
-  1 .4 e 1 3  H /cm 2/s 
2 .5 e 1 3  H /cm 2/s
Figure 4-3 Diameter distribution of blisters measured by Nomarksi microscopy for samples 
implanted with 190keV H2+ at lxlO17 H/cm2 at fluxes of 9.8xl012,1.4xl013 and 2.5xl013
H/cm /s
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For each sample, the mean blister diameter and number density o f  blisters was calculated 
as in section 3.2.1 and is plotted as a function o f flux in Figure 4-4. As the flux increases, 
the mean blister diameter increases, while the number density o f  blisters decreases. This 
is similar to the behaviour o f the blister distribution in samples which were annealed at 
different temperatures, as described in section 3.2.1. Therefore the results in Figure 4-4 
show that implanting at high fluxes has a similar effect on the blister distribution as 
annealing after implantation. This implies that blister evolution is enhanced at higher 
fluxes.
■ num ber density 
♦  blister d iam eter
F lu x  H/cm  2 /s
Figure 4-4 Mean diameter and number density of blisters measured by Nomarksi 
microscopy for samples implanted with 190keV H2+ at lxlO17 H/cm2 at fluxes of 9.8xl012,
1.4xl013 and 2.5x10° H/cm2/s
Similar results were found by AFM . As shown in Figure 4-5, as the flux is increased, the 
number density o f  the blisters decreases, supporting the Nomarski microscopy data in 
Figure 4-4.
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Figure 4-5 AFM scans for samples implanted at (a) 9.8xl012, (b) 1.4x10° and (c) 2.5x10° 
H/cm2/s. Note that the depth scale is 67nm for (a) and (b) and 230nm for (c).
Using the AFM  software package, it was possible to obtain statistical information about 
the heights and diameters o f  the blisters, by subtracting a background from the image. An  
example is given in Figure 4-6. As the background subtraction level is increased, the 
value o f the mean blister diameter decreases. This phenomenon can be understood by 
studying the first background subtracted image, in which some o f  the blisters are grouped 
as one object. Increasing the background subtraction allows separation o f this into 
smaller objects. However, at high levels o f  background subtraction, as in the last image, 
some o f the blisters are excluded from the image and information is lost. It is therefore 
necessary to carefully choose a background subtraction level to minimise the uncertainty 
in blister heights and diameters. Using this method, it was found that the mean blister 
diameter increases with increasing flux, in agreement with the Nomarski microscopy 
observations.
(a) (b) (c)
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Figure 4-6 AFM background subtraction method
Due to the fact that the degree o f exfoliation increases as the flux increases, it was also 
interesting to investigate the exfoliation process. For the wafer implanted at the highest 
flux, considerable exfoliation had taken place. As for the blisters, an estimate o f the 
diameter distribution o f the exfoliated areas was made, assuming that the exfoliated areas 
were roughly circular (in practice this was not always the case).
The exfoliation diameter distribution for the sample implanted at 2.5x10 13 H/cm2/s is 
plotted with the blister diameter distribution o f the same sample in Figure 4-7. The mean 
exfoliation diameter (8.3pm) is significantly larger than the mean blister diameter 
(5.9pm). One might imagine that exfoliation occurs when blisters reach a critical size and 
cause the material to fracture. However, the significant overlap in the two distributions 
indicates that this is not the case. As explained in chapter 1, Radu et al [67] suggested 
that blistering and exfoliation arise from the presence o f ( 1 1 1 ) and ( 1 0 0 ) platelets 
respectively. This would suggest that implanting at higher fluxes produces a higher 
concentration o f (100) platelets, which lead to enhanced exfoliation. In addition, the 
increase in mean blister diameter at higher fluxes suggests that either a higher 
concentration or a larger mean size o f  ( 1 1 1 ) platelets are also created.
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Figure 4-7 Distribution of blistering and exfoliation diameters for sample implanted with 
190keV H2+ at lxlO17 H/cm2 at a flux of 2.5x10° H/cm2/s
TEM  micrographs o f two o f the samples support the theory that implanting at higher 
fluxes has an effect on the distribution o f (111) platelets. Samples from the wafers 
implanted at the highest (2.5x10 13 H/cm 2 /s) and the lowest (3.3x10 12 H/cm 2 /s) flux were 
studied by TEM  in cross sectional view. Brightfield micrographs, taken in the off-Bragg 
condition, are presented in Figure 4-8, in which some (111) platelets are visible in each 
sample, some o f  which are connected by microcracks in the second picture. The length o f  
the platelets was measured in a number o f  different TEM  micrographs for each sample. 
At the lowest flux, the mean length was found to be 29nm, whereas for the highest flux, 
the mean length was significantly higher, at 62nm. This demonstrates that implanting at 
higher fluxes enhances the growth o f  (111) platelets. Unfortunately it was not possible to 
get any information concerning the concentration o f the platelets, or to study ( 1 0 0 ) 
platelet formation in these samples.
84
Chapter 4
Figure 4-8 Brightfield Cross sectional TEM micrographs of samples implanted at (a)
3.3xl012 H/cm2/s and (b) 2.5x10° H/cm2/s.
The percentage o f the surface covered by blisters was calculated as described in section 
3.2.1, and the exfoliation coverage was estimated in the same way. The results are plotted 
in Figure 4-9, which demonstrates that, although the blisters become larger in diameter 
with increasing flux, the proportion o f the surface covered by blisters decreases, because 
the number density falls. The coverage o f the surface by exfoliated areas increases as the 
flux increases.
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Figure 4-9 Percentage of surface covered by blistering and exfoliation after implantation at 
fluxes of 9.8xl012. 1.4x10° and 2.5x10° H/cm2/s
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To test the validity o f  the results obtained by Nomarksi microscopy and AFM , these 
samples were also studied by SEM. When placed at an incident angle o f  -4 0 °  to the 
electron beam, the blisters are visible, due to the topography contrast o f  electron 
scattering. An example is given in Figure 4-10. Using a similar method as for the 
Nomarski microscopy images, an estimate o f  the mean blister size could be obtained by 
measuring the sizes o f  the blisters. A  comparison o f the Nomarksi, AFM  and SEM  
results obtained for two o f these samples is given in Figure 4-11. The uncertainties o f  the 
blister sizes measured by SEM are larger than for Nomarski microscopy and AFM  due to 
the small sampling distribution. Within the errors bars, the SEM estimate o f blister size is 
not significantly different to the result deduced by the other techniques. However, the 
mean blister size deduced by A FM  is smaller than that deduced by Nomarksi microscopy. 
This is because the A F M  is sensitive to smaller blisters that cannot be detected by the 
Nomarksi microscope, and hence the mean is skewed to a lower value.
Figure 4-10 SEM image of the surface of sample implanted with lxlO17 H2+ at a flux of
1.4xl012 H/cm2/s, 42° incidence
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F lu x  (H /cm 2/s)
Figure 4-11 Comparison of AFM, SEM and Nomarksi microscopy measurements of blister
sizes
4.1.2 Analysis of the implantation induced damage -  RBS, XRD and TEM
4.1.2.1 XRD
Samples from each o f the wafers implanted at lx lO 17 H/cm2/s were studied using double 
and triple axis X  ray diffraction to investigate the strain induced by the implantation 
process. 2  theta omega scans and reciprocal space maps for each sample are presented in 
Figure 4-12.
For the sample implanted at the lowest flux 3.3x10 1 2H/cm2/s (Figure 4-12a), the weak fine 
structure located to the left o f  the main intensity peak in the two theta omega scan 
indicates that some strain is present, presumably introduced by the ion implantation 
process. The presence o f fringes shows that an abrupt interface is present between the 
implanted layer and the undamaged GaAs. This indicates that any defects are trapped in a 
well defined layer, suggesting that the damage itself is not particularly mobile at this flux.
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The interference fringes are less pronounced for the samples implanted at higher fluxes, 
9 .8 x l0 1 2  H/cm2/s (Figure 4-12c), and 1 .4x l0 1 3  H/cm2/s (Figure 4-12e). Disappearance o f  
these fringes can be attributed to development o f  roughness at the interface between the 
implanted and non-implanted GaAs layers. This roughness can be explained by a 
rearrangement o f  the defect structure, which occurs concomitantly with the proliferation 
o f platelets and microcracks in these samples, and causes blistering to occur. However, 
for the sample implanted at the highest flux, 2 .5x10 13 H/cm2/s (Figure 4-12g), the 
interference fringes appeal* again. Given that this sample was significantly exfoliated 
after implantation, the reappearance o f these fringes can be assigned to the exfoliation 
process. It is possible that the fringes arise from the existence o f  small concentrations o f  
hydrogen which were implanted into exfoliated areas during this implant.
The diffuse X-ray intensity observed on the reciprocal space map (RSM ) is small for the 
lowest flux (Figure 4 -1 2 b), and increases with increasing flux, up to 1 .4x l0 1 3H/cm2/s  
(Figure 4-12d and f). An increase in the diffuse X  ray intensity implies an increase in the 
concentration o f larger defects, which scatter the X  rays more effectively [84]. The TEM  
micrographs o f these samples show that the most voluminous defects are platelets and 
microcracks, and therefore the increase in scattering can be explained by either growth or 
increased concentration o f  platelets and microcracks with increasing flux.
The elongations o f  the R SM  along the reciprocal lattice vector QX) present in the samples 
implanted at the three highest fluxes, are typical for samples with mosaic structure. This 
indicates the existence o f  planes which are tilted with respect to the (001) direction. The 
proliference o f platelets in ( 1 1 1 ) planes in these samples explains this elongation.
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Figure 4-12 Rocking curves for samples implanted at (a) 3.3x1012H/cm2/s, (c) 9.8xl012 
H/cm2/s, (e) 1.4xl013H/cm2/s and (g) 2.5xl013H/cm2/s and reciprocal space maps for samples 
implanted at (b) 3.3xl012H/cm2/s, (d) 9.8xl012H/cm2/s, (f) 1.4xlO,3H/cm2/s and (h)
2.5x1013H/cm2/s.
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4.I.2.2 RBS
Samples from each o f the implants were studied by channelling RBS, to investigate the 
effect o f  flux on the lattice disorder. The spectra o f the samples implanted at 5x10 *6  
H/cm are shown in Figure 4-13a. For the sample implanted at the lowest flux, the rate o f  
dechannelling rapidly increases around the peak o f the damage. The lattice disorder 
peaks at a higher level than for the other samples. As the flux is increased, the peak 
lattice disorder diminishes, and the rate o f  dechannelling around the peak o f the damage 
decreases. The difference in the dechannelling rate is indicative o f  either the formation o f  
dislocation type defects or a large concentration o f point defects or clusters at lower 
fluxes. At higher fluxes, where small blisters begin to appear, fewer o f these defects are 
present. In addition, the dechannelling becomes significant closer to the surface, 
indicating that the damage begins at a shallower depth.
20000
(a)
25000
(b)
Figure 4-13 Channelling RBS spectra for samples implanted at (a) 5xlOl6H/cm2 and (b) 
lxlO17 H/cm2 at fluxes of 3.3xl012, 9.8xl012, 1.4x10° and 2.5x10° H/cm2/s, as implanted
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The RBS spectra for the samples implanted at the higher fluence are presented in Figure
4-13b. In this case, the dechannelling is lowest for the sample implanted at the lowest
19 9
flux. At the next highest flux, 9.8x10 H/cm  , the dechannelling yield is higher, in 
particular in the surface region. For the two highest fluxes, the dechannelling yield 
decreases with increasing flux, in particular at the surface. A s for the samples implanted 
at the lower fluence, the dechannelling is steepest for the sample implanted at the lowest 
flux. This indicates that at this flux a higher concentration o f defects (point defects, 
clusters or dislocations) are present around the projected range o f  the ions.
In section 3.2.2, the increase in dechannelling at the surface o f  the annealed samples was 
assigned to the deformation o f  the surface that becomes more prolific as surface blisters 
evolve. It has been shown that the mean blister size increases with increasing flux, and 
therefore we might expect increased surface dechannelling to occur with increasing flux, 
as for the annealed samples in section 3.2.2. However, Figure 4-9 shows that the 
percentage o f  the surface covered by blisters decreases with increasing flux. This would 
allow a higher proportion o f  the beam to be channelled.
To investigate the effect o f  blistering on surface dechannelling, a theoretical approach 
was adopted. A s explained in section 2.10, there is a critical angle o f  incidence for the 
ion beam, above which the beam will become dechannelled. For a 1.5M eV He+ beam on 
GaAs, this critical angle is 1.04°, as stated in section 2.10. Where blisters are present, the 
surface becomes deformed, such that the beam is presented with a variety o f  incident 
angles, a proportion o f which are greater than the acceptance angle for channelling, as 
shown in figure Figure 4-14.
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Figure 4-14 Incident angles presented to the beam due to blistering
To calculate the dechannelling due to a surface blister, the blister can be modelled as an 
ellipse, with the blister radius representing the major axis, a, and the blister height 
representing the minor axis b, described by equation 4.1:
The incident beam angle to the surface at a given point x, y along the circumference o f  
the blister is given by equation 4.2:
6  =  tan" 1 —  =  tan-1 
dx
(4.2)
In Figure 4-15, equation 4.2 is plotted against the x coordinate (i.e. distance along the 
surface o f the sample) for blisters with a fixed diameter, but different radius:height ratios. 
A s the radius:height ratio increases, a higher proportion o f the blister surface presents an 
incident angle to the beam that is below the critical angle. Therefore flatter blisters will 
channel the beam more effectively.
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Figure 4-15 Effect of radius to height ratio on incident angle for a blister of a fixed diameter
An estimation o f the proportion o f the blister area that would dechannel the beam was 
made by finding the x coordinate at which the critical angle was reached, for a blister 
distribution o f a given mean height and radius. Given the percentage o f the surface 
covered by blisters, shown in Figure 4-9, it was possible to calculate the surface 
dechannelling caused by a particular blister distribution. Using the radii and the blister 
heights measured by A FM , the amount o f  dechannelling by the blisters was calculated, 
and is shown in Table 4-2. For the highest flux implant, it was not possible to determine 
the mean blister height by background subtraction, due to the degree o f exfoliation that 
had taken place. In this case, the mean blister height was estimated by studying the 
micrographs.
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Table 4-2 Calculation of the dechannelling due to blistering using Nomarski microscopy
Flux
H/cm2/s
Blister height 
measured by  
A FM
Blister coverage 
deduced by 
Nomarski
Predicted
Dechannelling
Dechannelling 
in RBS 
spectra
9.8x10“ 28nm 2 5% 21.7% 35.4%
1 .4x l0 13 29nm 2 2 % 14.4% 28.7%
2 .5 x l0 i 3 (estimated at 
50nm)
5 .6% (5% ) 23.5%
Also displayed in Table 4-2 is the surface dechannelling in the RBS spectra, as a 
percentage o f  the difference between the random and the spectrum o f an unblistered 
sample. There is a qualitative agreement between the calculated result and the 
experimental result that as the flux and blister size increases, the dechannelling at the 
surface decreases. However, there is a difference o f  around 15-20%  between the 
predicted and experimental results in each case. The percentage o f  the surface covered by  
blisters, deduced by Nomarski microscopy, is also displayed in Table 4-2. By comparing 
these values to the surface dechannelling in the RBS spectra, it is clear that even i f  100%  
o f  the beam was dechannelled by the blistered areas, the dechannelling would be lower 
than that found experimentally.
The percentage o f the surface covered by blisters was also calculated using the A F M  
micrographs. The results, displayed in Table 4-3, indicate that the blister coverage is 
much higher than that indicated by the Nomarski technique. These results can be 
reconciled by considering that the sensitivity o f  the A F M  to smaller blisters was much 
higher. The dechannelling predicted by this blister coverage data is much closer to the 
dechannelling found experimentally.
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Table 4-3 Comparison of dechaneiling measured and predicted by AFM (the mean blister
height is estimated for the highest flux)
Flux
H/cm2/s
Mean blister 
height
%  blister cover 
measured by  
A F M
Dechannelling 
predicted by  
A FM
Dechannelling 
in RBS 
spectra
9.8x10“ 28nm 72.2% 37.7% 35.4%
M x lO 1* 29nm 61.9% 26.7% 28 .7%
2.5x10 13 (50nm) 34.6% (22.4% ) 23 .5%
These results show that the surface dechannelling in the RBS spectra can be explained by  
the presence o f blisters, which distort the surface o f the sample. In addition, it is possible 
to estimate the relative differences in surface dechannelling, which occur as a function o f  
blister height, diameter and density. The model could be improved by chosing a different 
shape to represent the blisters -  for example a Gaussian curve. It is difficult to estimate 
the surface dechannelling in samples which have exfoliated, such as for the highest flux 
sample in this data. For such samples, the blister heights cannot be determined by the 
background subtraction method o f the A F M  and in this case the method can only be used 
to qualitatively explain the difference between samples.
To further investigate the effect o f  flux on the damage created by ion implantation, a 
background was subtracted from the RBS spectra in Figure 4-13b. A s outlined in chapter 
2, the yield o f  a channelled RBS spectrum arises from a combination o f gradual 
dechannelling o f the analysing beam, (which would be caused by the lattice distortions 
manifested by platelet defects, microcavities and dislocations) and direct backscattering 
from displaced atoms. Subtracting a baseline from an RBS channelling spectrum 
eliminates the dechannelling component, isolating the direct scattering due to displaced 
atoms [85]. Each RBS spectrum was first plotted on a depth scale, and a baseline was 
approximated by fitting a trendline to the data, as shown in Figure 4-16. This baseline was 
subtracted from the channelling spectrum.
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Figure 4-16 Example of background subtraction from RBS data
The baseline-subtracted RBS spectra are presented in Figure 4-17. For the samples 
implanted at the three highest fluxes, the spectra indicate that a Gaussian distribution o f  
displaced atoms is present, reaching maximum concentration at a depth o f 730nm. The 
density o f  displaced atoms decreases with increasing flux. For the lowest flux (3.3x10 12 
H/cm / s), the steep slope o f the spectrum at a depth o f around 600nm is indicative o f  
significant dechannelling from dislocation-type defects, and in this case the direct 
backscattering cannot be separated from the dechannelling by this simple method. 
Therefore this analysis cannot be applied to this sample. Given the results in Figure 4-17, 
we can conclude that the concentration o f displaced atoms decreases as the flux increases.
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Figure 4-17 Background subtracted RBS spectra, for samples implanted with 190keV H2 at
l x l 0 17H / c m 2
To investigate the nature and the location o f the damage in the samples, two o f the lx lO 17 
H/cm 2  implants were studied using cross-sectional TEM. Dark-field images o f  the 
samples implanted at the lowest (3.3x10 1 2H/cm 2 /s) and the highest (2.5x10 1 3H/cm 2 /s) 
fluxes are presented in Figure 4-18. The light contrast indicates scattering from defects.
(a) (b)
Figure 4-18 Cross sectional TEM micrograph of samples implanted at lxlO17 H/cm2 with 
fluxes of 33x1012H/cm2/s and 2.5xl013H/cm2/s
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To investigate the depth distribution o f scattering, the images were analysed using the 
program Image Tool [76], using which it was possible to obtain intensity profiles o f  each 
o f the images. Line profiles were taken from the surface o f each o f the images to a depth 
o f 11 OOnm, at different points on the image and for a number o f images o f  the samples. 
The results were averaged and are displayed in Figure 4-19. For the lower flux implant, 
the defect concentration is roughly Gaussian, and peaks at a depth o f 820nm. At the 
higher flux, the defect concentration peaks at around 715nm, in agreement with the RBS 
data (within the error bars). There is a secondary peak in the defect scattering intensity at 
lOlOnm. A  number o f these defects were determined to be dislocation loops.
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Figure 4-19 Depth distribution of scattering by defects, deduced by TEM for samples 
implanted at lxlO17 H/cm2 and at fluxes of 3.3xl012 H/cm2/s and 2.5x10° H/cm2/s
The samples were studied by SEM to investigate the depth o f hydrogen induced 
exfoliation. As shown in Figure 4-20, a fault line is visible in the cross section o f the 
samples. This fault line becomes more pronounced with increasing flux, until at the 
highest flux, (2 .5 x l0 13 H/cm 2 /s), the upper layer detaches from the substrate. These 
phenomena are associated with the blistering and splitting processes, which become more 
pronounced as the flux increases. At the highest flux, the proliference o f exfoliation
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causes areas o f  the upper layer o f  the sample to become detached from the substrate, as 
shown in Figure 4-20c. Using SEM, it was possible to measure the thickness o f  the 
exfoliated material, to determine the depth o f exfoliation. For the highest flux, the depth 
o f exfoliation was determined to be 890nm, and similar values were obtained for the 
depth o f the fault lines in the micrographs o f the samples implanted at lower fluxes.
(a) (b) (c)
Figure 4-20 Cross sectional SEM micrographs of samples implanted at lxlO17 H/cm2 and at 
fluxes of (a) 9.8xl012H/cm2/s, (b) 1.4xlOI3H/cm2/s (c) 2.5x1013H/cm2/s
The exfoliation depths were also measured by AFM  to verify the values obtained by 
SEM. An example o f  the A FM  measurement method is given in Figure 4-21, in which a 
small area (in this case 15x15pm) o f the sample is scanned by the AFM  tip, and a line 
profile o f  the tip deflection is taken across an exfoliated area. A s is evident from Figure
4-21, the blister bottom exhibits a roughness o f  around 50nm. An average exfoliation 
depth o f 930nm was obtained by measuring different areas o f  the sample.
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Figure 4-21 Measurement of exfoliation depth by AFM for sample implanted at lxlO17
H/cm2 and a flux 2.5x1013 H/cm2/s
The depth o f exfoliation, measured by SEM and AFM , and the depth o f implant damage 
measured by RBS are superimposed on the TEM  defect intensity plot in Figure 4-22 for 
the wafer implanted at the highest flux. There is good agreement between the TEM  and 
RBS data concerning the peak defect concentration. The AFM  and SEM measurements 
demonstrate that the exfoliation depth is displaced from the peak o f  the damage by around 
180nm for this sample.
The difference between the SEM and AFM  measurements o f  exfoliation depth can be 
understood by studying Figure 4-20c, in which exfoliation has taken place. While the 
SEM measures the width o f exfoliated material, the AFM  measures the crater depth. 
From Figure 4-20c it is evident that there is a gap between the exfoliated layer and the 
bottom o f the crater, and therefore the A FM  measurement o f  exfoliation would be 
expected to be larger than the SEM measurement.
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Figure 4-22 Comparison of the damage distribution measured by TEM and RBS, and the 
exfoliation depth, measured by AFM and SEM for sample implanted at lxlO17 H/cm2/s at a
flux of 2.5x1013 H/cm2/s
Similar analysis o f  SEM, TEM  and RBS data was undertaken for the samples implanted 
at lower fluxes, and the data is presented in Figure 4-23. It was not possible to measure 
the exfoliation depths for these samples using AFM , due to the small size o f  the 
exfoliated areas. However, it was possible to estimate the depth at which splitting 
occurred for these samples using cross sectional SEM micrographs. It should be noted 
that the TEM  data for the samples implanted at 9.8x10 12 and 1 .4 x l0 13 H/cm2/s comes 
from the lower fluence (5x10 16  H/cm2) implants, whereas all the other data is from the 
lx lO 17 H/cm 2  implants. However, Figure 4-23 shows that in all cases, there is good 
agreement between the RBS and TEM  data for the depth o f maximum damage 
concentration. Also evident from the figure is that in each case, there is a displacement 
between the depth o f the damage and the depth o f splitting. This will be discussed in 
more detail in the following section.
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Figure 4-23 Depths of exfoliation and peak damage measured by SEM, TEM, AFM and 
RBS for samples implanted at lxlO17 and fluxes of 3.3xl012,9.8xl012, 1.4x10° and
2.5xlO°H/cm2/s
4.1.3 Location and concentration of hydrogen -  ERDA and SIMS
To gain more information on the effect o f  flux on hydrogen induced blistering and 
exfoliation in GaAs, samples from each o f  the wafers were studied using ERDA and 
SIMS to investigate the location and relative concentration o f hydrogen in each sample.
The ERDA spectra for the samples implanted at 5x10 *6  H/cm2, presented in Figure 4-24, 
show that there is a significant change in the hydrogen profile as the flux is increased. 
With increasing flux, the peak attenuates and moves towards the surface. The integrated 
counts in the profile o f  each spectrum, proportional to the buried hydrogen content in 
each sample, plotted in Figure 4-25, shows that the hydrogen concentration decreases with 
increasing flux up to 1.4x10 *3 H/cm 2 /s. A  possible explanation for this is that the 
hydrogen is lost by out-diffusion. A s explained in the previous section, it appears that the 
damage content o f the samples decreases with increasing flux, and therefore the mobility 
o f hydrogen would be enhanced at high fluxes. Indeed, the movement o f  the profile
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towards the surface with increasing flux indicates that the hydrogen is free to diffuse and 
would support this argument.
Between 1 .4 x l0 13 and 2 .5 x l0 13 H/cm 2 /s, the hydrogen content stabilises. Referring back 
to Figure 4-1, it is at a flux o f 1.4x10 13 H/cm2/s that blistering becomes observable by 
AFM , for this fluence o f hydrogen. The retention o f hydrogen at these higher fluxes can 
therefore be explained by the trapping o f  hydrogen in platelets and microcavities, which 
prevent it from diffusing.
206 9844
—  3 3e12H /cm 2/s
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  14e13H/cm2/s
  2.5e13H/cm2/s
Figure 4-24 ERD Spectra for samples implanted at 5xl016 H/cm2 and fluxes of 3.3xl012.
9.8xl012,1.4xl013 and 2.5xl013 H/cm2/s
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F lu x  (H /cm 2 /s )
Figure 4-25 Concentration of hydrogen retained in profile for fluence of 5xl016 H/cm2 and 
fluxes of 3.3xl012. 9.8xl012,1.4xl012 and 2.5xl012 H/cm2/s, normalised to the lowest flux
The hydrogen concentration o f each o f  the higher fluence ( l x l O 17 H/cm2) samples was 
measured using both ERDA and SIMS. The SIMS measurement o f  the hydrogen profiles, 
presented in Figure 4-26, shows that for each sample a Gaussian distribution o f hydrogen 
is present, centred at a depth o f  730nm. For the sample implanted at 2 .5x10 13 H/cm2, the 
profile is somewhat irregular. This can be explained by the significant degree o f  
exfoliation in this sample, which would affect the measurement o f  the hydrogen profile. 
The resultant profile will be a convolution o f exfoliated areas, in which the top layer o f  
GaAs has disappeared, and non-exfoliated areas in which a Gaussian profile is expected.
As the flux is increased, the hydrogen content diminishes. This can be explained partially 
by the loss o f  hydrogen due to out-diffusion, demonstrated by the broadening o f the 
profile at higher fluxes. A s for the lower fluence samples, an increase in out-diffusion at 
high fluxes can be explained in terms o f decreasing implant damage, which increases the 
mobility o f hydrogen in the lattice. This supports the background subtraction o f the RBS 
damage profiles in the Figure 4-17, which predict a decrease in damage with increasing
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flux. The exfoliation process would also be expected to contribute to hydrogen loss, with 
exfoliation becoming significant at the highest flux.
♦  3 .3 e 1 2  H /cm 2/s 
■  9 .8 e 1 2  H /cm 2/s 
1 .4 e 1 3  H /cm 2/s 
a 2 .5 e 1 3  H /cm 2/s
D e p th  (n m )
Figure 4-26 Hydrogen profiles deduced by SIMS for samples implanted at different fluxes
The hydrogen fluence in each o f the samples was measured by integrating the buried 
hydrogen in the SIMS profiles and the ERDA spectra and is plotted in Figure 4-27 as a 
function o f flux. Although both techniques show the same trend, the absolute fluence o f  
hydrogen measured by the two techniques differs by approximately a factor o f  2  for each 
sample. The ERDA measurements are closest to the expected fluence o f  l x l 0 17 H/cm2, in 
which the measured fluence o f  the sample implanted at the lowest flux is 2  standard 
deviations away from the expected value. This would suggest that the sample may have 
been slightly overdosed.
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F lu x  H /c m 2 / s
Figure 4-27 Hydrogen concentration measured by SIMS and ERDA as a function of flux
In addition, the depth o f  the peak concentration o f hydrogen was different for each 
technique. For the ERDA profiles, a depth o f around 890nm was obtained in each case, 
whereas for the SIMS profiles, the measured depth was around 730nm. This result 
significantly affects the conclusions that can be drawn from this work, as illustrated in 
Figure 4-28. The SIMS profiles indicate that the hydrogen and damage profiles are co­
incident, whereas the ER DA results indicate that the hydrogen and damage are displaced 
from each other, with the hydrogen residing close to the exfoliation depth.
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Figure 4-28 Comparison of SIMS and ERDA hydrogen distributions compared with damage 
and exfoliation depths for sample implanted at 2.5x10° H/cm2/s
To understand the difference in the absolute concentrations and depth scales o f  measured 
hydrogen in the SIMS and ERDA fluence measurements, it was necessary to investigate 
both the SIMS and ERDA measurements in more detail. The following section outlines 
the steps taken to reconcile the two results.
4.1.3.1 Investigation into hydrogen profiling by ERDA
A  factor that could affect the ER DA measurement process was the accumulation o f lattice 
damage created by analysing beam in the ER DA experiments. To test the radiation 
sensitivity o f  the hydrogen profiles, samples from wafers implanted under different 
conditions were studied by ERDA. A s illustrated in Figure 4-29, it was found that for 
60pC o f charge (equivalent to the He dose received after approximately 10 ERDA  
measurements) there was no significant change to the hydrogen profile for each o f  these 
samples, and therefore the samples were not radiation sensitive during measurement. 
There is a slight attenuation o f  the surface hydrogen during the measurement, but this is 
not significant for the fluence measurement as only the buried hydrogen was o f interest.
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Figure 4-29 Hydrogen recoils coming from the surface and buried hydrogen measured
during ERDA analysis
A  detailed study into the accuracy o f  fluence determination by ERDA has recently been 
carried out by the University o f Surrey Ion Beam Centre, in collaboration with a number 
o f other institutions. A  round robin carried out by this network demonstrated a 
consistency o f fluence measurement o f  about 2 %  between the participants, and concluded 
that the estimated accuracy o f  6 %  for ERD was dominated by knowledge o f the stopping 
power. This indicates that the process o f fluence determination by ERDA should be 
capable o f  measuring the hydrogen fluence to within 6 %  in these samples.
4.1.3.2 Investigation into the SIMS technique for hydrogen profiling
The SIMS measurement procedure was also studied. In SIMS analysis, the hydrogen 
concentration is determined by comparing the sample to a standard, which contains a 
known fluence o f hydrogen. Determination o f both the depth scale o f  the hydrogen 
profile and the concentration o f hydrogen is achieved by assuming that the sputter rate is 
constant. The matrix signal (in this case the secondary ion yield o f  A s+ ions) gives an
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indication o f the sputter rate during the measurement. For the SIMS analysis detailed 
earlier, the matrix signal, presented in Figure 4-30, does not appear to be constant 
throughout the analysis. For each sample, there is a change in the count rate o f  the signal 
at around 160 seconds. In addition, there is a difference in the deviation o f the sputter rate 
between the blistered and non-blistered samples -  for the lowest flux sample 
(unblistered), there is a trough in the sputter rate at around 160 seconds, but for the 
blistered samples, there is a peak in the sputter rate at this time.
-3.30E+12 H/cm2/s 
-9.80E+12 H/cm2/s 
-1 .40E+13 H/cm2/s 
■2.50E+13 H/cm2/s
T im e  (s )
Figure 4-30 SIMS matrix signal for samples implanted with 190keV H2+ and fluence lxlO17 
H/cm2 at fluxes of 3.3xl012. 9.8xl012,1.4xl012 and 2.5xl012 H/cm2/s
The difference in the depth scales between the ERDA profiles and the SIMS profiles can 
be understood by inspecting Figure 4-31, in which the As matrix signal during the analysis 
is overlaid on the hydrogen signal. The average As yield for the analysis, represented by 
the solid black line, shows that the matrix signal is higher than average before the 
hydrogen peak is reached. As outlined in chapter 2, the depth scale is constructed by 
assuming a constant sputter rate and ionisation efficiency from the sample, which is 
clearly not true in this case. In addition, if  the sputter rate is higher in parts o f  the sample 
than on average, the depth scale for this part o f the sample will be shallower than in
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reality. Therefore the depth o f maximum hydrogen concentration measured for these 
samples by SIMS is likely to be an underestimate, and consequently the ERDA results are 
likely to give a closer measurement o f  the true depth scale.
T im e  ( s e c o n d s )
Figure 4-31 Secondary ion yield from As and H ions during SIMS analysis (NB: the average
As yield is taken from the entire data set)
In SIMS analysis, the top layer o f  the sample to be studied is repeatedly sputtered away 
by the analysing beam. This process causes elements in the sample to be released as 
secondary ions, which are collected and measured (in this case H+ and A s+). When the 
analysing beam reaches a bubble, the top layer o f GaAs surrounding the bubble is 
removed and the hydrogen inside the bubble can escape to the vacuum without being 
ionised, and is consequently not collected. Therefore for samples containing a high 
concentration o f bubbles, a lower hydrogen fluence would be measured than for those 
without bubbles. This would explain why the fluence measurement by SIMS was lower 
than the ERDA measurement.
It was therefore concluded that the ER DA technique was a more reliable measurement o f  
the hydrogen concentration where blistering had occurred, and the SIMS results were 
used as a guide only.
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4.2 Investigation into the effect of implantation temperature on 
blistering in GaAs
Given that blistering in GaAs was found to be dependent on the flux o f hydrogen 
implantation, it was necessary to repeat the investigation into the effect o f  implant 
temperature, using a constant flux, to isolate the effect o f  implant temperature from flux 
effects. For this investigation, samples were implanted with 190keV H2+ at a flux o f  
1 .4 x l0 13 H/cm 2 /s, to a total fluence o f  lx l  0 1 7 H/cm2. Each o f  the implants was studied by 
Nomarksi microscopy and A F M  to investigate blister formation. A s shown in Table 4-4, 
under these conditions it was only possible to produce blisters in the sample implanted at 
180°C.
Table 4-4 Nomarski microscopy and AFM observations of blistering for samples implanted 
with lxlO17 H/cm2 and temperatures of -90°C, 120°C, 180°C and 320°C
Temperature Blisters as implanted? Blister after 
annealing?
-90°C No No
120°C No No
180°C Yes Yes
320°C No No
Samples from each o f the wafers were studied by channelling RBS, to investigate the 
nature o f  the lattice disorder. The spectra are plotted in Figure 4-32. A s for the samples 
implanted at lower fluence and under varying fluxes in chapter 3, the lattice disorder 
increases with increasing temperature up to 180°C. In agreement with the results in the 
previous chapter, the steep dechannelling at 120°C suggests that a high density o f  defects 
is present around the peak o f the damage. At 180°C, the surface dechannelling is much 
higher than for the other samples, due to distortions o f the lattice manifested by the
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blistering process. At 320°C , there is a gradual increase in dechannelling which begins 
close to the surface. This shows that the damage band is wider and therefore implies that 
the damage is more mobile in this sample.
20000
Figure 4-32 Channelling RBS spectra for samples implanted at temperatures of -20°C,
120°C, 180°C and 320°C
Differences in the strain distribution and the lattice parameter were studied by XR D  in 
double and triple axis configuration. The rocking curves, shown on the left hand side o f  
Figure 4-33, indicate relaxation o f the strain with increasing implant temperature, in 
agreement with the results in chapter 3. The reciprocal space maps (RSMs), displayed on 
the right hand side o f the figure, show the diffuse scattering in each sample, which 
reaches a maximum at 180°C. (Figure 4-33f).
The two theta/omega scan for the sample implanted at -20°C  is displayed in Figure 4-33a. 
The existence o f pronounced interference fringes to the left o f  the high intensity peak 
reflects the depth-dependent strain produced by ion implantation. The high quality o f  
these fringes demonstrates that the interface between the damaged layer and the substrate 
is smooth. This suggests that the defects are trapped at a particular depth and have not 
been able to move. In the RSM , presented in Figure 4-33b, the diffuse scattering is 
negligible, indicating that the defects are either very small or low in concentration [8 8 ].
The sample implanted at 120°C (Figure 4-33c) shows attenuation o f the interference 
fringes in the two theta/omega scan, suggesting that strain is still present, but with
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roughness at the interface between the damaged and undamaged GaAs. This suggests 
that some movement o f  the defect structure has occurred. In addition, the diffuse 
scattering intensity is higher than for the -20°C  implant, indicating that larger defects are 
present, and therefore the defect structure has started to condense into larger objects. The 
appearance o f  diffuse scattering for low values o f  the reciprocal vector Qz indicates that 
vacancy type defects are present, as shown by the R SM  in Figure 4-33d. Indeed, FTIR  
studies by Weldon et al have shown that a precursor for platelet formation in silicon is the 
formation o f  vacancy-type defects, supporting this observation [24].
The two theta omega scan and the R SM  for the sample implanted at 180°C are presented 
in Figure 4-33e and f  respectively. The 2 theta omega scan suggests that only a small 
amount o f  strain remains in this sample. The intensity o f  diffuse scattering is enhanced 
compared with the other samples, in particular below the Bragg peak, and this is 
indicative o f  the formation o f  vacancies or vacancy clusters. The elongation o f  the 
scattering along the reciprocal vector Qx is typical for a sample with mosaic structure, 
indicating the existence o f  planes which are tilted with respect to the (0 0 1 ) direction. 
This can be explained by die presence o f  platelet defects in this sample, which are aligned 
in (100) and (111) directions, and cause blistering. The idea that platelets arise from 
vacancies has been discussed in chapter 1 , and these results support this theory.
For the sample implanted at 320°C , the two theta/omega scan, presented in Figure 4-33g 
shows that the strain is relieved. The elongation o f the R SM  is less significant than for 
the sample implanted at 180°C, suggesting that fewer platelets are present. Indeed, these 
results agree with the observation that blistering was not observed in this sample.
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Figure 4-33 2 theta omega scans of samples impanted at (a) -20°C, (c) 120°C (e) 180°C and 
(g) 320 C and reciprocal space maps of samples implanted at (b) -20°C (d) 120°C (f) 180°C
and (h) 320°C
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4.2.1 Location and concentration of hydrogen -  SIMS and ERDA
To determine the effect o f  implant temperature on the hydrogen distribution, each sample 
was studied by SIMS and ERDA. The hydrogen profiles measured by SIMS are 
displayed in Figure 4-34, and suggest that as the implant temperature is raised, the 
hydrogen concentration retained in the sample diminishes. In addition, at high 
temperatures, the peak hydrogen concentration is located closer to the surface o f  the 
sample. These results support the ERDA measurements outlined in chapter 3 for samples 
implanted at 5x10 16 H/cm2.
D e p th  (m ic r o n s )
Figure 4-34 Hydrogen profiles measured by SIMS for samples implanted at -20°C,
120°C, 180°C and 320°C
The depth o f peak hydrogen concentration determined by SIMS and ERDA are displayed 
in Figure 4-35. For each implant temperature, the depth measured by SIMS is 
significantly lower than the ER DA measurement. The largest deviation between the 
measurements occurs at 180°C, where blistering has occurred and platelet and bubble 
formation is assumed to be most prevalent. A s in section 4.2.1, the difference between 
these results can be explained by the SIMS matrix signal, which is plotted in Figure 4-36. 
For the samples implanted at -20°C , 120°C and 180°C, the SIMS matrix signal is initially 
higher than for the rest o f the measurement. A s explained in section 4.2.1, this would
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result in an underestimate o f  the depth o f  peak hydrogen concentration by SIMS. At 
300°C , the SIMS matrix signal is constant over time and the ERDA and SIMS results 
agree within the error bars.
♦  S IM S  
■  E R D A
Im p la n t t e m p e a tu re  (C )
Figure 4-35 Depth of peak hydrogen concentration deduced by SIMS and ERDA for 
samples implanted at -20°C, 120°C, 180°C and 320°C
- 3 0 0 C
-1 8 0 C
- 1 2 0 C
- 2 0 C
T im e  (s )
Figure 4-36 SIMS matrix signal for samples implanted at -20°C, 120°C, 180°C and 320°C
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The fluence measured by each technique is plotted in Figure 4-37. Similar to the results 
presented in section 4.2.1, a greater hydrogen concentration is measured by ERDA than 
by SIMS in each case. The greatest deviation between the two values is for the samples 
implanted at 180°C and 320°C . Assuming the ERDA results are a true reflection o f the 
hydrogen concentration, this indicates that the ionisation probability is lower for the 
hydrogen implanted at these temperatures. In section 4.2.1 it was argued that the 
difference between the ERDA and the SIMS results arose due to loss o f  hydrogen from 
bubbles during SIMS analysis. Clearly for the samples implanted at 180°C, where 
blisters and therefore bubbles are expected to be present, the large deviation between the 
measurements supports this hypothesis. However, for the sample implanted at 320°C , the 
deviation is largest, suggesting that a higher concentration o f bubbles is present, despite 
the fact that blistering did not occur in this sample. Without TEM  images o f  this sample, 
it is difficult to understand this result. One possibility is that at 320°C  bubbles are able to 
form, but the appropriate type o f damage is not present to form platelets and microcavities 
and so blistering does not occur. Work is in progress to investigate the effect o f  bubble 
formation on the SIMS fluence measurement.
♦  F lu e n c e  m e a s u re d  by S IM S  
■  F lu e n c e  m e a s u re d  by E R D A
Im p la n t t e m p e ra tu r e  (C )
Figure 4-37 Fluence measured by SIMS and ERDA for samples implanted at -20°C, 120°C,
180°C and 320°C
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Unlike the ER DA measurements in section 4.2.1 and SIMS data, the ER D A  
measurements in Figure 4-37 show that the highest fluence o f  hydrogen is present in the 
samples implanted at 180°C. This result has been reproduced for different samples from 
each o f the wafers. Throughout this work, it has been argued that at low implant 
temperatures, hydrogen is trapped and is unable to diffuse to form platelets. This would 
preclude the possibility o f  hydrogen loss by out-diffusion in these samples. Indeed, no 
evidence o f  broadening o f  the hydrogen profile was observed at these temperatures and it 
is therefore unlikely that the hydrogen could have diffused out.
One obvious explanation o f these results is that the fluence measurement was not 
consistent and a greater concentration o f hydrogen was implanted in some samples than in 
others. This will be investigated in the following section.
4.3 Discussion
4.3.1 Flux effects
The results presented in this chapter demonstrate that blistering is sensitive to the flux o f  
hydrogen implantation. W e  have seen that the degree o f  exfoliation, mean blister size and 
number density are all affected by the flux o f  hydrogen implantation, with an 
enhancement o f  blister evolution at higher fluxes. The implication o f  this is that it is 
necessary to monitor the flux during implantation to ensure that the ion-cut process is 
reproducible.
In chapter 1 it was asserted that an understanding o f the mechanisms behind the ion-cut 
process would lead to its optimisation. With this in mind, what can we conclude about 
the ion-cut process from these results? Certainly, there is a flux effect, but from what 
does it arise?
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It is well established that in GaAs, defect formation is affected by the flux o f  
implantation. For Si+ irradiation, increased levels o f lattice disorder have been observed 
with increasing flux, [79],[80],[81], in contrast to the RBS results presented in this study. 
It is thought that this flux effect is intimately connected to the balance between defect 
generation and annihilation rates. A t low ion fluxes, defects annihilate at a faster rate 
than they are generated and therefore the accumulated damage is lower at low fluxes [79]. 
A s yet, there appear to be no studies in the literature on the effect o f the flux o f hydrogen 
implantation on damage formation in GaAs. The results in this study can be reconciled 
with the literature by considering that other processes may be at work for H2+ 
implantation in GaAs than for Si+ implantation. Indeed, for neon in silicon, it has been 
shown that the lattice disorder decreases with increasing flux, in agreement with these 
results [90].
The decrease in concentration o f hydrogen at high fluxes supports the argument that the 
damage is lower at high fluxes, promoting out-diffusion, as explained in section 4.3.1. 
Therefore platelet formation is enhanced where the damage is lower.
In Figure 4-28 it was demonstrated that splitting occurs away from the peak o f  the damage, 
and at the location o f  peak hydrogen concentration measured by ERDA. Similar 
behaviour has been noted for silicon implanted with hydrogen at high fluences [51], and it 
was concluded that splitting occurred away from the peak o f  the damage, where the 
implantation damage was too high for significant platelet formation to occur. This 
supports the argument that platelet formation occurs in regions where the damage is 
lower, and explains why platelet formation does not occur in samples implanted at low  
dose rates, where the damage is too high.
The depth profiles o f  the TEM  scattering intensities in Figure 4-19 show that the defect 
distribution extends closer to the surface for the higher flux implant than for the lower 
flux implant. This indicates that the implant damage itself is more mobile at higher 
fluxes. This is supported by the disappearance o f fringes in the X R D  rocking curves, 
which indicate rearrangement o f  the damage at high fluxes. I f  the damage is mobile, the 
probability o f  it finding a suitable place to annihilate is greatly increased, and this would
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lower the overall implant damage at high fluxes. This explains the decrease in damage 
observed at high fluxes.
In the previous chapters it was explained that hydrogen implantation creates different 
types o f  damage including point defects, dislocations and clusters. The formation energy 
o f each o f  these defects is different and therefore the formation and annihilation times for 
each o f  the defects will be different. Therefore it is likely that different types o f  damage 
are present at different fluxes in addition to absolute amounts o f  damage, and this also 
determines whether or not conditions are favourable for platelet foimation.
4.3.2 Effect of implant temperature
The results in this chapter and in chapter 3 demonstrate that the blistering process is 
highly sensitive to the temperature o f implantation. The results suggest, in agreement 
with the work o f Tong et al, that blistering only occurs within a narrow window o f  
implant temperatures, centred around 200°C .
The RBS and X R D  data presented earlier in this chapter tell us a great deal about the role 
o f  implant temperature on platelet formation in GaAs. A t the lowest implant temperature, 
-20°C , the rocking curves suggest that the lattice is highly strained, indicating that 
considerable implant damage is present. However, the reciprocal space maps show that 
diffuse scattering from defects is low, suggesting that only small defects are present. 
This is supported by the gradual dechannelling by defects observed by RBS. A s  
discussed, the presence o f  fringes in the X R D  rocking curve show that the damage is 
trapped in a well-defined layer. These results demonstrate that at this temperature, the 
mobility o f  the defects themselves is so poor that they are unable to coalesce and form 
into larger structures.
At 120°C, the RBS spectrum shows steep dechannelling, and there is an increase in X  ray 
diffuse scattering, suggesting that larger defects are present at this temperature. The
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attenuation o f the fringes in the rocking curve shows that the damage has become mobile. 
These results indicate that the damage is able to coalesce into larger defects. Indeed, at 
elevated temperatures, an increase in the mobility and annihilation o f point defects is 
known to occur by the process o f  dynamic annealing. This lowers the barrier to the 
movement and coalescence o f the damage and therefore explains these results.
At 180°C, platelet formation is prolific enough for blistering o f the surface to occur and 
this is manifested in the RBS spectrum as a high surface dechannelling yield. A s  
explained previously, the diffuse scattering in the R SM  shows that a high concentration or 
a large number o f  vacancy type defects are present. At lower temperatures, the RSM s 
show that fewer vacancy type defects are present, and so we can conclude that they are 
necessary for blistering to occur. However, at 180°C, rearrangement o f the damage is 
sufficient that platelet formation can occur. It was reported by Neething et al [33] that 
platelets in GaAs are vacancy clusters filled with hydrogen, and this would suggest that at 
180°C the conditions are favourable for vacancies to cluster.
A s explained earlier, the RBS spectrum o f  the sample implanted at 320°C  suggests that 
the defects are most mobile in this sample. The reciprocal space map shows less diffuse 
scattering than for the 180°C implant, suggesting that larger defects, i.e. platelets, are 
fewer in concentration or size. It is possible that at tills temperature, the annihilation o f  
point defects is great enough that hydrogen platelets cannot be formed in sufficient 
concentrations or sizes to cause blistering. Indeed, it does not appear in this case that the 
absence o f  blistering at this temperature is due to insufficient hydrogen concentration -  
the ER D A results show that the 320°C  implant has a higher concentration o f  hydrogen 
than the lower fluence samples on which small blisters appear.
The role o f  implant temperature therefore appears to determine the types and 
concentration o f  damage production; at low temperatures, we see small, immobile 
defects; at slightly elevated temperatures the mobility o f  these defects is increased, and 
the defect structure condenses; a further rise in temperature leads to the formation o f  
platelets; and finally at higher temperatures, the annihilation o f  defects by dynamic 
annealing prevents the formation o f  long range defect structures such as platelets and
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microcavities. This hypothesis explains the experimental results well, but in the absence 
o f  TEM  data, this conclusion remains somewhat speculative.
However, the ER D A results for these samples do not necessarily support these 
conclusions. I f  the damage is more mobile at higher temperatures, so too should the 
hydrogen profile become more mobile. This is supported by the observation that the peak 
hydrogen concentration in both the SIMS and ER D A profiles migrate towards the surface 
with increasing implant temperature, suggesting increased mobility. However, the 
relative concentration o f hydrogen in each o f the samples does not agree with this model, 
as the outdiffusion process would lead to a lower hydrogen concentration at high 
temperatures, in contrast to the results reported here.
These results can be reconciled by considering that the two low temperature implants (- 
20°C  and 120°C) were undertaken by a different machine operator to all the other 
implants in this study. It is possible that the samples were underdosed by this operator. 
This could happen i f  the beam was poorly focussed, or not scanned properly over the 
faraday cups. Unfortunately this may affect the validity o f  any conclusions drawn about 
the nature o f the implant temperature effect in these samples, since defect production is 
also strongly related to the fluence o f  implantation. However, the fact that these results 
are in agreement with the experiments for the lower fluence samples in chapter 3 suggests 
that this is not a significant problem.
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C h a p ter 5
5 Effect of ion species on blistering in GaAs
A s outlined in chapter 1, in previous studies the coimplantation o f  hydrogen and helium 
has been used to successfully lower the total fluence necessary for blistering GaAs, in 
which it was found that blistering was possible after a total fluence o f 2 .5x10 1 6  ions/cm2
[56]. However, the co-implantation o f  hydrogen and helium necessitates a source change 
during the ion implantation stage, and is therefore time consuming and costly. Unless the 
total dose is significantly lower than for implantation o f  a single species, co-implantation 
is less desirable to industry due to the low throughput o f  wafers and therefore higher 
manufacturing cost. It has also been shown that layer transfer o f  GaAs can be achieved 
by implanting a single species o f  helium at 5 x l0 1 6  He/cm 2  [56], In fact, the roughness o f  
the transferred layer was significantly lower for helium implantation than for the co­
implantation o f  hydrogen and helium, and therefore helium implantation appeal's to be a 
more economical alternative to hydrogen implantation.
A  further challenge for the ion-cut process is to transfer thinner layers, as outlined in 
chapter 1. In silicon, it has been shown that for low ion energies, the out-diffusion o f  
hydrogen results in the retention o f  insufficient concentrations o f  hydrogen, and therefore 
the transfer o f  thin layers by the ion-cut process is difficult to achieve at low fluences
[54]. A  potential solution to this problem could be to use heavier ions. For a particular 
depth o f  implantation, the distribution o f  heavier ions has a lower standard deviation than 
for lighter ions, and this results in a higher peak concentration. For instance, a 30keV  
helium implant with a projected range o f  180nm has a 15%  lower peak concentration than 
a range-matched neon implant at the same fluence. This means that for a heavier ion 
species, a given ion concentration can be achieved at a lower fluence, and it is therefore
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possible that the transfer o f  thinner layers could be achieved at lower fluences by 
implanting heavier ions.
W e  have seen in the previous chapter that the blistering process in GaAs is intimately 
related to the damage created by the ion implantation process. It is well known that 
heavier ions deposit more energy in the lattice, forming different types and concentrations 
o f  defects compared with hydrogen implantation [8 6 ]. For these reasons, it is possible 
that the ion-cut process can be optimised by changing the ion species. In this work, the 
effect o f  He and Ne implantation on blister formation in GaAs was studied.
5.1 Helium implantation in GaAs
5.1.1 Investigation into the effect of helium fluence in GaAs
To investigate the effect o f  helium fluence on blistering in GaAs, and to obtain an 
estimate o f  the optimum fluence for blistering to occur, helium implants were carried out 
at 170keV and at fluences o f  3 x l0 16, 5 x l0 1 6  and lx lO 1 7 He/cm2. The energy o f  
implantation was selected so that the projected range o f helium was equivalent to that o f  
the hydrogen implants in the previous chapter, to allow comparison o f  the results. The 
substrate temperature was maintained at 180°C (±10°C ) during implantation. lx lO 1 7  
He/cm 2  was implanted at a flux o f  7 .4 x l0 1 2 He/cm2/s and 5 x l0 16  and 3 x l0 16 He/cm 2  were 
implanted at a flux o f  5 .4x10 1 2  He/cm 2 /s, due to technical constraints. It is assumed in 
this work that the difference in flux is a secondary effect to the difference in fluence.
5.1.1.1 Nomarksi microscopy and SEM
Nomarksi microscopy images o f  the surfaces o f  each o f the wafers directly after 
implantation are displayed in Figure 5-1. A t the lowest fluence o f implantation, 3x10 16  
He/cm2, blisters are visible on the surface o f  the sample. A s the fluence o f implantation is
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raised to 5x10 He/cm , blisters and exfoliated areas are present. At the highest fluence, 
the reflectance o f the surface is lower, indicating that large areas o f  the surface have 
exfoliated, leaving behind a rough surface. Also visible on this surface are exfoliated 
areas and burst blisters.
1 0 0  m i c r o n s 1 0 0  m i c r o n s 100 microns
I I
I I \ rN
(a) (b) (c)
Figure 5-1 Nomarski microscopy images of samples implanted with 170keV He at (a) 
3xl016, (b) 5xl016 and (c) 1x1017 He/cm2, as implanted.
Inspection by SEM o f the wafer implanted at the highest fluence showed that exfoliation 
over almost the entire area o f the sample had indeed occurred. A  few, small areas (o f the 
order o f  50pm ) o f  the original surface o f the wafer had remained intact, an example o f  
which is given in Figure 5-2a. Exfoliated areas are also present. In Figure 5-2b, the 
depth o f the exfoliated areas is shallower (645nm) than depth o f the remaining upper 
layer (855nm). This result is confirmed by the cross sectional SEM micrograph in Figure 
5-3, which shows that cracks occur at depths o f  around 850nm and 1500nm from the 
original surface. These results demonstrate that when exfoliation takes place during 
implantation, the ions continue to bombard the newly exposed surface, causing further 
exfoliation and blistering.
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(a) (b)
Figure 5-2 SEM images of lxlO17 He/cm2 implant at magnification of (a) 1200x and
(b) 20000x
Figure 5-3 Cross sectional SEM image of sample implanted with lxlO17 He/cm2
From Figure 5-2 and Figure 5-3 It is interesting to note that the upper layer is thicker 
(~850nm) than the secondary exfoliation (~650nm). As explained in the previous 
chapters, the depth o f exfoliation is roughly determined by the ion energy, which remains 
constant throughout the process. However it is possible that secondary exfoliation occurs 
at a shallower depth due to the fact that a small concentration o f hydrogen remains in this 
region from the previous implant (around 1 atomic %  according to SUSPRE [71]), and 
therefore a sufficient concentration o f hydrogen for platelet formation is reached more 
quickly, favouring exfoliation at this depth.
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Each o f the samples was studied in cross section using SEM to investigate the exfoliation 
depth. The results are presented in Figure 5-4. At the lower fluences (3 x l0 16 and 5 x l0 16 
He/cm ), cleavage occurs more uniformly than for the higher fluence implant, and at a 
depth o f around 850nm in each case.
To investigate the effect o f  fluence on the blister distribution, the diameter distribution o f  
blisters in the two samples implanted at lower fluence was measured. Figure 5-5 shows 
that the mean size o f  the blisters increases with increasing fluence. At the lower fluence 
(3 x l0 16 He/cm2), there are a greater proportion o f small blisters, and a smaller proportion 
o f larger blisters. This is indicative o f  blisters growing by an Ostwald Ripening process 
during implantation; as the implant is continued between 3x10 16 and 5x10 16 He/cm2, the 
blisters evolve as more helium is added, with larger blisters favouring smaller ones.
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Figure 5-5 Blister diameter distributions for samples implanted with 170keV He at
3xl016 He/cm2 and 5xl016 He/cm2
5.1.1.2 Blister evolution on annealing
Samples from the 3x10 16  He/cm 2  implant were studied after annealing at different 
temperatures, using Nomarksi microscopy. Images o f  samples from this implant after 
annealing at 300°C , 500°C  and 600°C  for 10 minutes are displayed in Figure 5-6. Even 
after annealing at 300°C , exfoliation is significant. The degree o f exfoliation increases as 
the anneal temperature is raised, and the blisters become more pronounced.
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Figure 5-6 Nomarksi microscopy images of samples implanted with 3xl016 He/cm2 at 
170keV and annealed at (a) 300°C, (b) 500°C and (c) 600°C for 10 minutes
To quantify the effect o f  annealing on the blister distribution, the diameter distribution o f  
the blisters in samples annealed at 300°C , 400°C , 500°C and 600°C  were measured and 
compared to the as implanted sample. The results are presented in Figure 5-7, and show 
different behaviour to the results for the hydrogen implants presented in chapter 3. After 
annealing at 300°C , the proportion o f  small blisters in the distribution diminishes, while 
the proportion o f larger blisters increases, similar to the hydrogen implants. However, 
when the anneal temperature is raised further to 400°C , 500°C  and 600°C , there is an 
attenuation o f larger blisters and an increase in the proportion o f smaller blisters with 
increasing anneal temperature. Such behaviour is the reverse to what might be expected 
through evolution by Ostwald Ripening.
129
Chapter 5
i -  a s  im p lan ted  
► -  3 0 OC 
I -  400C  
50  OC 
I -  600C
Figure 5-7 Blister size distribution of 170keV He implanted at 3x1016 He/cm2, after 
annealing at 300°C, 400°C, 500°C and 600°C compared with the as implanted
surface.
To investigate this effect further, it was necessary to look at the number density o f  
blisters. In an Ostwald Ripening process, blisters become larger and fewer in number, as 
smaller objects are absorbed into larger objects. However, in this case, as the anneal 
temperature is raised, the mean blister diameter decreases. The number density also 
decreases slightly between 300°C  and 600°C . Clearly, these results are not consistent 
with the theory o f Ostwald Ripening alone, due to the fact that significant exfoliation had 
taken place for each sample. It was therefore necessary to study the distribution o f  
exfoliated areas in each sample.
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Figure 5-8 Blister number density and diameters of 170keV He implanted at 3x1016 
He/cm2 after annealing at 300°C, 400°C, 500°C and 600°C and compared to the as
implanted distribution
The diameter distribution o f exfoliated areas was measured by assuming the exfoliated 
areas were roughly circular, as in chapter 4. A  comparison o f  the diameter distribution o f  
the exfoliated and blistered areas for the sample annealed at 600°C  is given in Figure 5-9, 
which shows that, as for the hydrogen implants, the exfoliated diameters are generally 
larger than the blister diameters. However, as for the hydrogen implants, there is a 
significant overlap in the distributions, demonstrating that exfoliation is not only 
associated with large blisters.
One explanation for the process o f  exfoliation in these samples could be that exfoliation 
arises from blisters that contain sufficient gas pressure to burst. In a theoretical model 
derived by Huang et al, highly pressurised blisters were shown to be higher due to the 
enhanced ability to deform the surface o f the material [82]. To investigate this further, 
the as implanted 3x10 16 He/cm 2 implant was studied by AFM . The heights and diameters 
o f  a number o f different blisters were measured, and are plotted in Figure 5-10. It appears 
that there is a good correlation (R2 =0.9) between the heights and diameters o f  the blisters,
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meaning that the higher, more pressurised blisters are also larger in diameter. Referring 
back to Figure 5-9, however, it is clear that objects o f a given diameter (and therefore a 
given height) can exist as blisters or exfoliated areas. This demonstrates that there is no 
critical height at which exfoliation occurs. However, it is possible that the blisters 
maintain a fixed height: diameter ratio for stability, and blisters with heights that exceed 
this ratio will burst and exfoliate.
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Figure 5-9 Comparison of blistering and exfoliation diameters for 170keV He 
implant, implanted at 3xl016 He/cm2 and annealed at 600°C for 5 minutes
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Figure 5-10 Heights and diameters of blisters implanted with 170keV He at 3xl016
He/cm2, measured by AFM
The diameters and number density o f  the exfoliated areas were measured as a function o f  
annealing temperature and are plotted in Figure 5-11. As the annealing temperature is 
raised, the number density o f  exfoliated areas increases. After annealing at 300°C , the 
mean diameter o f  exfoliated areas is higher than for the as implanted sample (due to the 
fact that significant exfoliation does not occur in the as implanted sample). Between 
300°C  and 600°C  there is no significant difference in the mean size o f exfoliated areas 
(within the uncertainty).
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Figure 5-11 Exfoliation diameters and number density for 170keV He implant, 
implanted at 3xl016 He/cm2 and annealed at 300°C, 400°C, 500°C and 600°C for 5
minutes
The proportion o f the surface covered by blisters and exfoliated areas was calculated as 
demonstrated in chapter 3 and 4 and is plotted in Figure 5-12 as a function o f annealing 
temperature. The figure shows that blistering and exfoliation are competing processes, 
due to the fact that the proportion o f blistering decreases as the proportion o f exfoliation 
increases. The total proportion o f the surface affected remains constant within the error 
bars. It is therefore possible to understand the blistering behaviour o f these samples after 
annealing; the blister diameters and number densities do not appear to follow an Ostwald 
Ripening trend on annealing due to the competing process o f  exfoliation.
134
Chapter 5
•  —  b listering  
e xfo lia tion  
A  to tal
Figure 5-12 Percentage of area covered by blistering and exfoliation for samples 
implanted with 170keV He at 3xl016 He/cm2 and annealed at 300°C, 400°C, 500°C 
and 600°C and measured by Nomarski microscopy
5.1.1.3 Rutherford backscattering
Samples from each o f the wafers were studied by RBS in channeling mode to investigate 
the lattice disorder, as in the previous chapters. The RBS spectra for samples implanted 
at 3 x l0 16, 5 x l0 16 and lx lO 17 He/cm 2 are displayed in Figure 5-13. The surface 
dechannelling increases with increasing fluence between 3x10 16 and 5x10 16 He/cm2. 
According to the model derived in the previous chapter, this increase in dechannelling is 
due to the development o f  blisters with a larger height:diameter ratio (evidenced by the 
increased contrast on the Nomarski microscopy images) at higher fluences, which 
dechannel the analysing beam. There is little difference in the lattice disorder o f  samples 
implanted at 5x10 16 and l x l 0 17 He/cm2. This can be explained by the increased degree o f  
exfoliation in the sample implanted at l x l 0 17 He/cm2, which lowers the surface 
dechanelling yield.
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For each sample, the surface dechannelling is 10-20%  higher than for a non-blistered 
sample, consistent with the model in the previous chapter. Applying the model derived in 
the previous chapter to the sample implanted at 3x10 *6  He/cm2, surface dechannelling o f  
8 .75%  is expected. This is close to the experimental value o f 11.8% . It was not possible 
to calculate the surface dechannelling o f the samples containing a higher fluence o f  
helium due to the extent o f  exfoliation in these samples.
20000
Figure 5-13 RBS spectra for GaAs implanted with 170keV He+ at fluences of lxlO17,
5xl016 and 3xl016 He/cm2
5.1.2 Effect of implant temperature on blistering by helium implantation
The effect o f implant temperature on the bubbles produced by helium implantation was 
also investigated. Samples were implanted with 170keV He+ at fluences o f  2 x l0 16
9 1 f\ 9
He/cm and 5x10 He/cm . During implantation the substrate was cooled, such that a 
temperature o f -20°C  was maintained throughout the process. Samples from each o f the 
wafers were inspected by Nomarski microscopy after implantation, and no blisters were 
seen on the surface o f the samples, in contrast to the samples implanted at elevated 
temperature as reported earlier in this chapter. Nomarski micrographs o f each o f  the 
samples after annealing are displayed in Figure 5-14.
For the sample implanted at the lower fluence, 2x10 *6  He/cm2, blisters were visible on the 
surface o f  the sample after annealing. A s discussed in chapter 1, to achieve successful 
layer transfer by the ion-cut process, it is a prerequisite that the surface is flat after
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implantation so that wafer bonding can be carried out. This sample satisfies this criterion, 
and due to the fact that blistering occurs after annealing, it would be possible to transfer 
layers using the ion-cut process at a fluence o f 2x10 16 He/cm2. This is significantly lower 
than the fluence required to split layers using hydrogen (5x10 16  H/cm2), demonstrating 
that helium implantation is a cheaper alternative to hydrogen implantation.
For the sample implanted at 5x10 16 He/cm2, annealing resulted in exfoliation o f the entire 
surface o f the sample. A  Nomarski micrograph o f some o f the exfoliated pieces is shown 
in Figure 5 -14b, and shows that the exfoliated pieces are rectangular in shape. This 
indicates that cleavage between different exfoliated pieces occurs along the 
crystallographic planes. The size o f  the exfoliated areas can be explained by the intrinsic 
dislocation density in GaAs. After manufacture, GaAs wafers typically contain a small 
concentration o f dislocations, typically around 1000/cm2. Therefore the average area 
between dislocations is 100,000 pm2, equivalent to a square o f length ~300pm . This is 
the same order o f  magnitude as the exfoliated pieces in Figure 5-14, and therefore we can 
explain the size o f  the exfoliated pieces in terms o f the intrinsic dislocations in GaAs -  at 
a dislocation, the material is weakened, such that the exfoliated piece cleaves from the 
surrounding GaAs. It is possible that this has implications for the scale o f  layers that can
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be transferred by the smart cut process -  i f  the intrinsic dislocation density is too high, it 
would be difficult to transfer larger areas successfully.
To gain a deeper understanding o f the processes behind blistering and exfoliation by  
helium implantation, it is interesting to consider the effect o f  implant temperature on 
blistering. A s explained in the previous chapters, it was not possible to blister GaAs after 
low temperature hydrogen implantation. It was concluded that under such conditions, the 
implant damage was too high for significant platelet fonnation to take place. For helium 
implantation, low temperatures have proved to be favourable for the ion-cut process. 
However, it is well known that, being a heavier element, helium implantation produces 
higher levels o f  lattice disorder than hydrogen, and therefore this result is not expected. 
These results can be reconciled by considering the chemical effects o f  hydrogen and 
helium in the lattice; as explained in chapter 1 , it is thought that hydrogen reacts 
chemically with the lattice damage, passivating dangling bonds and creating defect 
complexes. Helium is chemically inert and therefore has a tendency to coalesce to form 
bubbles [83]. This is why blister fonnation can be achieved at lower fluences for helium 
than for hydrogen implantation. It is possible that at low temperatures, the defect 
complexes produced by helium implantation can be annealed out more easily than for 
hydrogen implantation, and therefore it is possible to blister the samples using helium but 
not hydrogen at these temperatures.
5.1.3 Energy Effect
To investigate the feasibility o f  using helium implantation to transfer thin layers o f  GaAs, 
the effect o f  implantation at lower energies was investigated. Implantation o f 30keV He+ 
(projected range =  180nm) was undertaken at a substrate temperature o f  180°C, at a 
fluence o f  3x10 16 He/cm 2  and compared to the 170keV He+ implant at the same fluence. 
To investigate the lower fluence limit for blistering with 30keV He+, an implant was
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carried out at 1.5x10 He/cm . This implant did not blister after implantation, nor after 
annealing at 700°C  for 1 minute. It can therefore be concluded that the helium 
concentration at this fluence was insufficient for blistering to occur, and that the 
minimum helium fluence for blistering lies between 1 .5x l0 1 6 -3 x l0 1 6 He/cm2.
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SEM micrographs o f the samples implanted at 3x10 16 He/cm 2 at 30keV and 170keV are 
displayed in Figure 5-15, and show that blisters are formed on both samples. The blisters 
appear to be larger on the sample implanted at higher energy.
(a) (b)
Figure 5-15 SEM images of samples implanted at 3xl016 He/cm2 at (a) 30keV and (b)
170keV
The mean blister diameters measured by Nomarksi microscopy and SEM are shown in 
Figure 5-16. The error bars on the SEM measurement for the 170keV implant are large 
due to the small sample size. Flowever, the SEM and Nomarksi measurements for this 
sample are consistent with one another, demonstrating that smaller blisters are produced 
at lower implant energies.
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Figure 5-16 Effect of energy on mean blister diameter for samples implanted at 
3xl016 He/cm2 at energies of 30keV and 170keV, deduced by SEM and Nomarksi
microscopy.
Cross sectional SEM micrographs o f each sample are shown in Figure 5-17. At 170keV, 
splitting occurs well away from the surface, with a depth variance o f around 40nm. 
However at 30keV, splitting occurs from a depth o f 180nm and the microcracks extend 
right up to the surface. Clearly, thin layers transferred using this process would be o f  
poor thickness uniformity (if a complete layer could be transferred at all) and these 
particular implant conditions are not suitable for such an application.
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(a) (b)
Figure 5-17 Cross sectional SEM micrographs showing helium-induced splitting for 
samples implanted with 3xl016 He/cm2 at (a) 170keV and (b) 30keV
To investigate the effect o f  energy on the lattice disorder, samples from each for the 
wafers were studied by RBS in channelling mode. The RBS spectra, displayed in Figure 
5-18, show that essentially, the 30keV and 170keV spectra have the same shape, with the 
lattice disorder o f  the 30keV implant residing close to the surface. The surface 
dechannelling for the 30keV implant is higher than for the 170keV implant. This can be 
explained by a greater height: diameter ratio o f  the blisters on the 30keV implant, which 
would dechannel the beam more effectively, as explained in chapter 4. Indeed, the SEM  
micrographs in Figure 5-15 indicate that this is the case.
20000
Figure 5-18 RBS spectra for samples implanted at 3xl016 He/cm2 at 180°C with
30keV and 170keV He+
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It is not obvious from the RBS results why the splitting depth is particularly non-uniform 
for the lower energy implant. However, due to the shallow depth o f  the implant, the 
straggle (standard deviation) o f  the helium distribution becomes more significant at lower 
energies. A s a percentage o f  the projected range, the standard deviation o f  the helium 
distribution, calculated by SUSPRE [71] is 2 7 %  for 170keV and 6 7%  for 30keV He+. 
Therefore moderate concentrations o f  helium will exist over a larger depth. This will 
have an impact on the distribution o f  platelets: at higher energies, a much narrower depth 
distribution o f platelets would be expected due to the nature o f  the hydrogen distribution, 
and therefore splitting would be expected to occur at a more uniform depth.
The straggle o f  the implant also has implications for the energy dependence o f blistering 
in GaAs. A s we have seen earlier in this chapter, helium implantation at lower energies 
creates smaller blisters. This result can be understood by considering the nature o f  the 
helium profile. At high energies, the low straggle o f  the helium distribution results in a 
higher peak concentration o f helium for a given fluence compared with low energies. In 
this chapter we have seen that the effect o f  reducing the helium fluence is to create 
smaller blisters, and therefore the blisters are smaller at lower energies due to the decrease 
in peak helium concentration.
5.2 Neon implantation in GaAs
To investigate the suitability o f  neon implantation as an alternative to helium for the 
transfer o f  thin layers o f  GaAs, 127keV Ne+ (projected range o f  180nm) was implanted at 
fluences o f  3 x l0 16, 5 x l0 16, 7 .5 x l0 16  and lx lO 1 7  He/cm 2  at 320°C, and at fluences o f  
3x10 16 and 5x10 1 6  at a temperature o f 180°C. Blistering o f the surface did not occur after 
implantation or after annealing at 700°C  for 1 minute, demonstrating that implantation o f  
neon under these conditions is not suitable for layer transfer.
To investigate the cause o f  the absence o f blistering, the lattice disorder in each o f  the 
samples was studied by RBS in channeling mode. The RBS spectra for a selection o f the 
samples are displayed in Figure 5-19. In each case, there appeared to be no significant
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difference in the RBS spectra for the difference samples. Although the samples do not 
appear to have amorphised (evidenced from the fact that the lattice disorder does not 
reach the random yield), the damage is high, reaching 90%  o f  the random yield. Indeed, 
Figure 5-19 demonstrates that at a fluence o f upwards o f 3 x l0 16 Ne/cm2, the lattice 
damage saturates at this level. W e can therefore conclude that blister formation does not 
occur in these samples because the lattice damage is too high for platelet formation to 
occur. As explained in chapter 1, platelet formation is strongly associated with crystalline 
structure, and at these high levels o f  lattice disorder the formation o f platelets would be 
inhibited. In the previous chapter it was found that blistering was inhibited where the 
lattice disorder was too high, in agreement with this conclusion.
35000
Figure 5-19 RBS spectra for samples implanted with 127keV Ne at 320°C and 
fluences of 3xl016, 5xl016 and lxlO17 Ne/cm2
5.3 Dosimetry
Samples from each o f the wafers were studied by heavy ion ER DA (HI-ERDA), using a 
35M eV  Au+ beam, in collaboration with the Australian National University, to investigate 
the retained helium fluence in each sample. The results are presented in Table 5-1, in 
which the ratio o f  measured fluence: implanted fluence is calculated. For the samples 
implanted at higher energy (170keV), the measured fluence is approximately a factor o f  2 
higher than the implanted fluence. For the low energy implants (30keV), the measured 
fluence is approximately equivalent to the implanted fluence. It is not easy to understand 
these results. Work is in progress to understand whether the measurement itself is at fault 
or the implants are truly in error. Unfortunately it has not been possible to study the
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helium distribution to any degree o f  accuracy using SIMS due to low sensitivity to 
helium, and therefore it has not been possible to test validity o f  the ER D A measurements.
Table 5-1 Fluence of helium detected by heavy ion ERDA for helium samples 
implanted at fluences of lxlO17, 5xl016,3 x l0 16 and 1.5x1016 He/cm2. The measured 
fluence for the lx l 017 He/cm2 implant is small due to the degree of exfoliation in this
sample.
Implanted fluence Measured Uncertainty o f Ratio o f  measured
(He/cm ) and energy fluence measurement fluence to implanted
(keV) (He/cm2) (He/cm2) fluence
l.x lO 17,1 70 k e V (8 x l 0 15) 1.60E+15 -
5 x l0 16,170k eV 8 .9 x l0 16 5.10E+15 1 . 8
3 x l0 16,170k eV 6 4 x l 0 ls 3.30E+15
2 . 1
3 x l0 16,30k eV 3 .1 x l0 16 2.20E+15 1 . 0
1 .5x l0 16, 30keV 1 .2 x l 0 1 6 1.30E+15
0 . 8
In another study, silicon samples which were implanted simultaneously with the low 
temperature, 170keV helium implants (5 x l0 1 6  and 2 x l0 16 He/cm 2  at -20°C ) were studied 
using elastic backscattering spectroscopy to determine the fluence o f helium in the 
samples [87]. In this case, the measured fluence was found to be equivalent to the 
implanted fluence, precluding the possibility that there is an energy-related dose error on 
the implant.
A  selection o f samples from the neon implants were also studied by HI ERDA. The 
measured fluence is compared to the implanted fluence in Table 5-2. In each case, the 
implanted fluence o f  neon is around a factor o f  2  higher than the measured fluence.
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Table 5-2 Fluence of neon detected by heavy ion ERDA for helium samples 
implanted at fluences of lxlO17, 5xl016,3 x l0 16 and 1.5xl016 He/cm2. The measured 
fluence for the lxlO17 He/cm2 implant is small due to the degree of exfoliation in this 
sample. A  =  Annealed at 500°C for 10 minutes
Implanted fluence 
(Ne/cm2) and implant 
temperature o f  neon
Measured
fluence
He/cm 2
Uncertainty o f  
measurement 
He/cm 2
Ratio o f  measured 
fluence to: 
implanted fluence
5 x l0 16,1 8 0 °C 9.60E+16 3.80E+15 1.9
5x 1016,320°C 9.70E+16 4.00E+15 1.9
5x 1016, 180°C A 9.98E+16 3.80E+15 2.0
5x10 16, 320°C  A 9.70E+16 4.00E+15 1.9
1x 1017,320°C 1.75E+17 7.10E+15 1.8
lx lO 1 7 320°C A 1.67E+17 6.20E+15 1.7
Assuming that the HI—ER D A measurements o f  the fluence are correct, this would suggest 
that a number o f the implants have been overdosed. There are a number o f  reasons as to 
why this might have happened. One possibility is that the neutral beam was not 
effectively taken o ff the sample, meaning that neutral ions were implanted and not 
recorded by the faraday cups, which measure charge. This scenario is unlikely, due to the 
fact that the neutral beam would not be scanned by the electrostatic scanning system and 
therefore only a small area o f  the wafer would be affected. For the HI-ER DA  
measurements, samples from the implanted wafers were taken at random, and it is highly 
unlikely that this particular area would have been measured in each case.
Another possibility is that the ions were neutralized after passing through the scanning 
system. This would result in the scanning o f  neutral particles, which would not be 
recorded. Neutralisation o f  a proportion o f  the ions could occur* i f  the vacuum pressure in 
the target chamber is poor. For hydrogen, helium and neon atoms, the ionization energies 
are 13.6eV, 24.6eV  and 21.5eV  respectively. Therefore neutralization o f helium and 
neon is more probable than for hydrogen. A s shown in Figure 5-20, for the helium 
implants, the discrepancy between the measured fluence and the nominal implanted 
fluence increases as a function o f vacuum pressure. For a given vacuum pressure, the
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neon fluence discrepancy is higher than the helium fluence discrepancy. However, 
helium ions would be expected to neutralize more easily than neon due to the higher 
ionization energy, in contrast to these results. It is therefore unlikely that these results can 
be explained by the effects o f  poor vacuum conditions.
T a r g e t  v a c c u u m  p r e s s u r e  (m b a r)
Figure 5-20 Relationship between target vacuum pressure and ratio of fluence 
measured by ERDA: nominal implanted fluence for helium and neon implants, 
detailed in Table 5-1 and Table 5-2.
In the absence o f an explanation o f why the ion implantation process might be in error, or 
the use o f an alternative technique to verify the HI-ERDA results, it is difficult to draw a 
conclusion as to whether the HI-ER DA measurements or the nominal implanted fluence 
is representative o f  the true fluence. Work is in progress to develop the SIMS technique 
for helium and neon profiling and quantification, to test these results. Should the HI- 
ERDA results be correct, it will be necessary to make a detailed investigation o f the ion 
implantation process. For the results in this thesis, the implication o f this is that the 
observed energy effect for the helium implants may be simply due to a fluence error. For 
the other implants, the fluence error at least appears to be a constant proportion and 
therefore any relative differences are real.
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C h a p ter 6
6 Conclusions and Future Work
6.1 Conclusions
It is an objective o f  this work to make some contribution to science, and the success o f  
this project in doing so will be discussed in this chapter. At the beginning o f this project, 
there were a very small number o f  reports in the literature concerning the ion-cut process. 
Since then, the number o f  publications has risen significantly, and is testament to the 
relevance o f  this project. A t the outset, it was evident from the literature that the ion-cut 
process could be used in GaAs, and that the blistering phenomenon associated with ion- 
cut was dependent on the temperature o f  implantation. However, there were 
contradictions in the literature as to the implant temperature required to blister GaAs, and 
little analytical work had been undertaken to investigate the effect o f  implant temperature, 
or indeed other parameters.
This work has highlighted the importance o f maintaining reproducible implant fluxes, and 
has demonstrated how this can be effected on a Danfysik ion implanter. It has been 
shown that the contradictions in the literature can be reconciled by the discovery that 
blistering in GaAs is sensitive to the ion flux. There are two further implications o f  this: 
firstly, the flux during implantation must be monitored to ensure that the process is 
reproducible, and secondly, it should be possible to engineer the ion-cut process by  
selecting a particular flux. A s explained in chapter 1, it is a requirement for layer transfer 
that the wafers should be flat after implantation but blister on annealing, and therefore an 
appropriate flux can be chosen to satisfy these conditions at a lower fluence.
The flux dependence o f blistering has been investigated, and it has been shown that both 
the implant damage structure and the blistering process are intimately related to the flux. 
The role o f  flux on the blistering process is to determine the mobility o f  the implant
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damage, which in turn determines whether condensation o f the defect structure into 
platelets and microcavities is possible.
The effect o f  implant temperature on hydrogen blistering has also been studied and this 
has also been explained in terms o f  the defect mobility and the damage. At low  
temperatures, the damage consists o f  small, immobile objects, which coalesce as the 
temperature is raised, eventually forming platelets and microcavities at the appropriate 
temperature.
These results, and the observation that platelet formation occurs where the damage 
concentration is low, demonstrate that platelet formation is entirely dependent on the 
damage structure o f GaAs. These results support the conclusions o f  Hoechbauer et al
[52] who suggested that it is the damage that drives platelet formation in silicon.
The observations for hydrogen suggest that blistering is associated with condensation o f  
the damage into larger structures, as the X  ray diffraction results point towards the 
agglomeration o f vacancy type defects. Indeed, previous TEM  investigations o f  platelet 
defects by Neethling et al [33], discussed in chapter 1, led the authors to the conclusion 
that the platelets in GaAs were hydrogen-filled vacancies.
A  further outcome o f  this work has been to successfully inteipret the channelling RBS 
spectra for blistered samples -  in chapter 4, by use o f  a simple model, it was shown that 
the surface dechannelling is caused by blistering. This method allows a baseline to be 
subtracted from the data so that absolute amounts o f  damage can be compared, and a 
deeper understanding o f  the defect structure in the samples can be obtained.
Another objective o f  this work was to explore the suitability o f  helium and neon as a 
replacement for hydrogen implantation to create blisters. W e  have shown in this work 
that blistering can be achieved at significantly lower fluences using helium (2 x 1 0 16  
He/cm2) than for hydrogen (5x10 1 6  H/cm2), and that the conditions necessary for wafer
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bonding (i.e. a flat surface after implantation but blisters after annealing) are met using a - 
20°C  implant at 2 x l0 1 6  He/cm2. The results in this work suggest that neon is not a 
suitable alternative to hydrogen or helium implantation.
6.2 Future Work
There are a number o f  results in this work which relate specifically to the layer transfer 
process. One significant observation, detailed in section 5.1.2, is that o f  the limitation o f  
the size o f  the exfoliated pieces, which correlates well with the intrinsic defect density o f  
GaAs. This has implications for the success o f  transferring GaAs on a wafer scale -  it is 
possible that the success o f layer transfer is dependent on the defect density o f  the GaAs. 
It would therefore be interesting to investigate exfoliation o f  GaAs wafers from different 
manufacturers (i.e. containing different defect densities) to evaluate the effect o f  residual 
defect density on layer transfer.
Another significant observation is that for low helium ion energies, the splitting 
uniformity is poor, as shown in the SEM  micrographs in section 5.1.3. It may be 
impossible to transfer layers with such a poor uniformity, and therefore the process would 
need to be modified for thin layer transfer to be achieved. In order to develop the process 
for low energy transfer, it would be necessary to investigate whether factors such as the 
ion species, implant temperature and ion flux could be used to engineer the process so 
that more uniform splitting could be achieved.
Aside from the implantation process itself, there are a number o f  issues relating to the 
quality o f  the transferred layer that would be interesting to investigate. Firstly, it would 
be necessary to develop a soft-polishing step to remove any roughness o f  the transferred 
layer after splitting. For device applications, it would be necessary to test the quality o f  
the transferred layer -  for example by testing the electrical properties. This could be 
achieved by fabricating a simple device on the transferred layer (for example a p-n 
junction) and testing the device characteristics.
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Problems with dosimetry measurement have been inherent in this work. For further 
studies o f  blistered material, it would be essential to be able to quantify the retained 
fluence by complimentary techniques. A s highlighted in chapter 4, there is a problem 
with using the SIMS technique to measure blistered material, and work is in progress to 
investigate whether the technique can be developed to accommodate such materials. 
Should this technique become workable, it could be used to confirm whether or not a 
dosimetry error exists for the neon and helium samples, or whether the HI ER DA results 
were in error.
In this work it has been shown that platelet fonnation and blistering in GaAs are 
intimately related to the lattice damage created by the ion implantation process. It would 
be most useful to confirm which particular type o f defect is necessary for platelet 
formation in GaAs to occur. A  useful technique for identification o f defects is infrared 
spectroscopy, as used by Weldon et al [24] to identify the defects present in blistered 
silicon. If, as has been suggested in this thesis, platelet formation is associated with 
hydrogen-filled vacancies, it should be possible to identify the wavelength corresponding 
to hydrogen bonded to gallium and arsenic vacancies.
From this work, it is evident that there are many barriers to be crossed before the smart- 
cut process can be used to produce thin, device quality layers o f  GaAs. However, these 
results have made considerable advances in controlling and optimising the implantation 
stage, and have contributed to the general understanding o f the process.
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